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General  information  on  the  design  of  electric  rocket  engines, 

their  stress1  analysis ,  and  reliability  evaluation  are  3tated. 

» 

*  J 

Considerable  attention  is  given  to  the  power  generator  of  an 
extraterrestrial  engine  (Hfly)  [ERE].  The  .structural  diagrams  of 
nuclear  reactors,  isotopic'- power  squrces..  solar  concentrators  and 
chemical  fuel  element^  are  examined.  Methods  of  stress  analysis 
for  generator  parts  are  given:  housings',  shells,  end  walls, 
perforated  loaded  plates.  The  calculation  of  thermal  stresses  in 
reactor  fuel  elements' is  examined.  Calculation  is  conducted  on 
strength  reserves,  taking  into  account  the  operating  time  under 
conditions  of  thermal  loading.  Design  procedure  has  been  simplified 
because  it  is  assumed  that  calculation  is  conducted  in  the  primary 
structural  study  of  these  units -at  the  level  of  sketch  planning, 


Designs  are ( described  for  various  power  converters  in  an 
ERE:  machine,  therihoemissiOn,  thermal,  arid  photoelectric.  After 
considering  the  features  of  var'ious  structural  diagrams,  methods 
.  are  stated  for  calculating  strength  and  vibrations  of  turbine  blades 
and  disks,  the  bearing  capacity  of  hydrostatic  bearings,  and  the 
critical  sp?ed  of  shafts  of  turbogenerators  installed  on  liquid- 
metal  supports.  The  design  procedure  for  the  anode  package  of  the 

thermoemission  converter-  is  given. 

1  • 

Fundamental , questions  of  planning  and5  3t*ess  analysis  for  heat- 

i  *  ,  , 

exchange  equipment  used  in  ERE  as  well  as, 'plasma  and  ion  motors  are 
.stated.  The  structural  diagram,  unit  design,  and  stress  analysis  of 
most  stressed  elements  are  examined.  Characteristic  for  these  units 


i  i 
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is  the  .calculation  61’  thermal  strer®*  in  the  tubes  of  the  radiators 
cooling  the  panels  and  ribs,  and  in  the  cylindrical  and  conical 
shells.  Considerable  attention  is  given  to  the  calculation  of 
thermal  stress  in  the  electrodes  of  motors  and  parts  of  the  feed 
system.  In  the  appendix  is  given1  information  on  the  rupture  strength 
of  the  materials  most  widely  used  in  extraterrestrial  engines. 

This  book  is  a  manual  for  senior  students  in  courses  of  related 
specialties.  It  can  also  be  useful  to  engineers  and  designers  who 
work  in  the  sphere  of  space  technology.  30  tables,  350  illustrations, 
bibliography,  of  52  titles. 


% 


t 

.PREFACE 

This  manual  is  written  in  accordance  with  the  program  of  a 
course  in  the  design  of  extraterrestrial  electric  racket  engines 
(ERE),  and  is  to  be  read  in  schools  of  higher  education. 

In  the  press  a  number  of  problems  connected  with  ERE  have 
been  widely  discussed.  However,  the  questions  examined  in  this  book 
of  their  design,  strength,  vibrations,  have  not  as  yet  been  properly 
systematized  and  much  time  should  be  spent  on  their  study. 

In  this  manual  iw*e  have  made  an  attempt  at  the  systematic 
presentation  of  the  indicated  information.  In  its  preparation 
the  authors  took  into  account  the  fact  that  the  students  are 
already  familiar  with  courses  on  the  strength  of  materials  and 
the  theory  of  extraterrestrial  electric  rocket  engines. 

The  book  consists  of  five  chapters.  Chapter  I  presents  general 
information  on  extraterrestrial  engines  and  requirements  imposed'  on 
them;  ERE  classification  is  given,  there  fundamental  and  structural 
diagrams  are  presented,  and  also  the  general  problems  of  reliability  * 

and  strength  are  examined. 

Chapter  II  contains  fundamental  information  on  design  and  * 

stress  analysis  of  the  ERE  power  generator.  The  greatest  attention 
is  here  .given  to  nuclear  reactors;  their  classification,  structural 
diagram,  and  design  of  separate  units  and  parts  are  examined. 
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In  stress  analysis  the  calculation  of  thermal  stress  in  reactor  parts 
is  of  considerable  interest. 

Further  ^discussed  are  the  areas  of  applicability,  thS  design 
^  and  stress  arvlysis  of  radioactive  isotopic*  power  sources,  solar 

concentrate  and  fuel  elements. 

Chapter  III  has  been  dedicated  to  the  energy  converters  in  an 
ERE.  Along  with  mechanical  energy  converters  which  include  the 
turbine,  generator,  shafts,  bearings,  we  examine  thermoemission, 
thermal,  and  photoelectric  converters.  Chapter  IV  deals  with 
the  problems  of  strength  and  design  of  heat  exchange  equipment. 

Chapter  V  has  been1!  dedicated  to  motors ,  Plasmas  and  ion  motors , 
their  classification,  structural  diagram,  design  and  stress  analysis,, 
particularly-  thermal  stress ,  make  up  the  basic  content  of  this 
chapter. 

In  the  manual  are  used  materials  published  in  the  press.  The 
given  examples  of  design  and  calculation' have  a  methodical  character 
and  are  not  connected  with  specific  engines. 

The  section  dedicated  to  the  problem  of  reliability  of  an 
extraterrestrial  engine  (Chapter  I)  is  written  by  Doctor  of  the 
Technical  Sciences,  Professor  D  D.  Sevruk,  the  section  on 
"Machine  Converters"  (Chapter  III)  and  "Heat-Exchange  Equipment" 
(Chapter  IV)  by  Docent  D.  N.  Surnov,  the  section  "Vibration  of  a 
Rotor  on  Hydrostatic  Bearings"  (Chapter  III)  is  written  by 
Doctor  of  the  Technical  Sciences  Professor  A.  F.  Gurov  and  Teacher 
*  V.  I.  Bykov;  the  remaining -material  is  by  Doctor  of  the  Technical 
Sciences, ^  -Professor  A.  F.  Gurov. 

f  The  manuscript  was  looked  over  by  Doctor  of  the  Technical 

Sciences  Professor  A.  V.  Kvasnikov  and  his  colleagues  who  made 
a  number  of  valuable  remarks.  Many  useful  indications  have  been 
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made  by  the  reviewers.  The  authors  express  their  sincere  gratitude 
to  them.  Furthermore,  the  authors  are  grateful  to  Doctor  of 
Technical  Sciences  Professor  G.  S.  Skubachevskiy  who  was  of  great 
aid  during  the  work  on  this  book. 

.  All  remarks  and  requests  for  this  book  should  be  directed  to 
the  Mashinostroyeniye  Publishing  House  (Moscow,  B -66,  1st  Basmannyy 
per . ,  3) . 
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CHAPTER  I  '  1  i 

y  j  • 

.  \  ' 

EXTRATERRESTRIAL  ENGINES  ,  ,  ‘ 

1  : 

i 

:  \ 

The  purpose  of  a,-c6urse  in  the  design  and  stress  analysis  of 
extraterrestrial  electric  rocket',  engin'es  is  to  study  designs  of 
engines  (ERE),  their  units  and  parts,  stress  and  vibbation  analyses, 

*  •  ‘  >  i  * 

the  development  of  experience  ,in  planning  and  designing  Uhits  and 
parts,  and  research;  on  the  dynamic  phenomena  which  accompany  engine 
operation.  •  i  •  •  '  si‘  ! 

*  i 

i 

-  i 

Various  engines  can  b.e  used  in  space.  Today  widely  used  are 
chemical  propellant  rockets  -=  liqui’d  propellant  rockets  (LPRE )  . 

and  solid  propellant  rockets  (SPRE).  11  i  1 

In  this  course  are  studied  designs  of  extraterrestrial5 

’  i  « 

electric  rocket  engines'  and  the  thrust  which  they  create  as  a  result 

'  v  I  !  . 

of  interaction  of  electromagnetic  and  electrostatic ' fields  with  the 

.  i 

ionized  working  medium...  SUch  an  engine  consists  of  two  fundamental 
parts:  the  airb/irn  power  installation  and  the  engine  itself,  which 
can  be  called  a  Motor  (predominantly  low  thrust).  ,  ! 

,  5 

1.1.  CLASSIFICATION  OF  ERE  ‘  ‘  ‘ 

! 

1 

All  electric  rocket  space  engines,  based  on  type  of  power  plant 
can  be  divided  into  ERE:  ■  i 

j 

i  . 

*  : 

i 

„  * 
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v„ ....  .  .,,,.  rrpw^r  w:  V’> »g>? ?w  m.i’Wi  'IW'J T-trxm*%s ww?n 


!  ;  '  1  ! 

-with  nuclear  reactor  (or  reactors); ■  '  '  •  » 

....  ; 

.  r-  with  the  use  of  radioactive  isotope  potoer; 

-  with  the  use  of  solar  energy; 

\  * 
with  the  use  of  chemical  energy.' 

*  ’  1  ‘I 

'  1 

Based' on  the  method  \of  energy  o'onvepaion  into  electrical, 
they  can  be  divided  'into  motors: 

-  wSth  mechanical  power  conversion;  i 

.  :  i 

-  w  th  thermoemission  power  conversion;  '  1 

-  v,  h\  thermoelectric  and  photoelectric  power  conversion; 
w  ,:h  thermodhemical  power  conversion  •+■  by  fuel  element; 

i  1 

-  with  magnetohydrodynamic  power  conversion,  !  • 


! 


I 


1  } 


i 


1 


i 


i 


i 


i 


i 


i 
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h Based  on  type  of  motor:  '  i.  •  * 

-  ioriic  (electrostatic);  .  >•  ,  1 

,  -  plasma; 

1  '  I 

r«  electrothermal.  (  :  ^ 

1  ■  '  '  ‘  '.  !  i  !  • 

i  >  i 

Baaed  'or}  purpose:  1 

'  1  -  sustainer;  i 

i  .1  •  1 

-  correction;  ,  ■  ’  1 

-  short-life  one-shot  use,  i  .  ' 

.  l  ’  '  %  '  : 

i  Engines (are  divided  also  into  multimode  and  single  mode, 

\  ’  '  '  :  « 

Let  us  examine  the  classification  based  on  purpose  because  , 

in  .courses  on  engine  theory  this  classification  hasi  not  been  thoroughly 
studied.'  .  ’  i 

i  ‘  1 

1  i  1  *  • 

Sustainer  Engines' are  intended  to  provide*  interplanetary  flight  ,  <, 

into  outer  space.'  These  motors  can  be  both  'single  mode  and  multimode.  , 

In  the  latter  case,  they  can  change  the  value  and  the  direction  of  1 
the  thrust  sector.  A  gradual  variation  in  the  thrust,  level  ban  be  ; 

accomplished  by  switching  the,  .motors  in  the  power  installation.  ojj.  (  .. 

and  off  or  by  continuously  variable  control,  Sustainer  motors  can 
be  idesigned  for  manned.or  unmanned ‘ flight ,  The  piloted' spacecraft 

i 

:  ,  ‘  .  •'  .  !  1  •  .  *  ' 

I 

‘  i  1 
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>  '  i  ! 
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requires  special  protection  of  the  crew  from  cosmic  radiation  and 
radiation  from  the  nuclear  reactor.  For  some  space  programs  such 
motors  can  operate  for  10,000  h  or  more. 

Correction  motors  are  intended  for  correcting  the  trajectory 
(orbit)  of  spaceflight  vehicles.  The  operating  time  of  these  motors 
can  reach  100  h. 

Short-life  motors  are  single  mode  motors  of  one-shot  use  for 
pilotless  flight  vehicles  and  for  man-made  satellites  of  various 
purposes.  The  duration  of  their  operation  does  not  exceed  5  h. 

1.2.  REQUIREMENTS  FOR  EXTRATERRESTRIAL 
ELECTRIC  ROCKET  ENGINES 

The  specific  mass  of  the  motor 

The  motor  should  have  the  very  lowest  specific  mass. 


The  specific  mass  of  the  motor  y  is  the  ratio  of  the  mass  M 
of  a  "drive"  motor  (without  the  expended  working  medium)  to  its 
thrust  R  (in  kg/N)  or  to  the  electrical  power  Ng  (in  kg/kW): 


or 


(1.1) 


The  parameter  y  estimates  the  degree  of  weight  perfection  of 
the  motor. 


In  designing  motors  we  start  from  an  assignment  in  which  thrust 
level,  as  well  as  the  size  and  mass  (weight)  engine  characteristics, 
have  been  shown.  In  this  case,  it  is  advantageous  that  a  motor  of 
given  thrust  have  minimum  overall  size  and  mass. 


Sometimes  overall  size  and  mass  of  the  motor  are  given  and 
it  is  necessary  to  obtain  a  motor  with  the  maximum  possible  thrust, 


This  task  appears  frequently  in  planning  as  the  result,  .of  the  modification 
of  designs  already  built.  The  parameters  of  a  motor,  its  character¬ 
istics  -  thrust  and  power  -  are  connected  with  its  overall  size  and 
mass. 

The  specific  mass  of  a  motor  is  one  of  the  important  quality 
criteria  in  engine  design.  In  proportion  to  the  perfection  of  the 
design  its  specific  mass  is  decreased. 

Extraterrestrial  electric  rocket  motors  are  not  produced  in 
serial  production;  they  have  not  acquired  final  forms.  This  is  why 
their  specific  mass  fluctuates  within  a  wide  range  and  depends  upon 
the  type  of  design,  purpose,  and  power  of  this  system. 

Table  1.1  and  Fig-,  1.1  show  the  specific  mass  of  various  power 
units  for  space  engines  and  their  power, 

Table  1.1. 


NAME  OF  SYSTEM  Na  kW  Y  kg/kV 


Turbogenerator  with  nuclear  reactor  10,000  3 

5  100 

Thermoemission  with  nuclear  reactor  2500  4 

8  80 

Thermoelectric  with  nuclear  reactor  5  200 

and  protection  0.3  1000 

Thermoemission  with  solar  power  3  50 

concentrator  0.1  45 

Thermoelectric  on  radioactive  ,1  120 

isotopes  6.1  300 


As  can  be  seen  from  the  table'  and  Fig.  1.1,  the  specific  mass 
of  power  units  depends  upon  electrical  power.  A  particularly  noticeable 
reduction  in  specific  mass  is  seen  with  an  increase  in  the  power  of  i 

the  power  plant  with  nuclear  reactors.  This  is  explained  by  the  fact 
that  specific  mass  is  defined  as  the  ratio  of  the  ERE’s  mass  to  the 
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electrical  power  of  the  power  installation.  This  'is  convenient 
because  the  thrust  of  the  motor  R  and  the  electrical  power  of  the 
power  installation  Ng  (W)  are  connected  by  the  ratio 

xr mw 2 Rv 

*  ‘  •“  2i,  * 

where  m  -  the  per-second  mass  flow  of  the  working  medium,  kg/s; 

*  w  -  the  discharge  velocity,  m/s;  R  -  thrust,  N;  n-  -  the  efficiency 
of  the  motor. 


♦ 


Y  kz/ndm 


K$m 


Pig.  1.1.  The  dependence  of  the  specific  mass  of  power  units  on 
electrical  power:  1  -  thermoelectric  system  on  radioisotopes;  2  — 
solar  photoelectric  batteries;  3  —  thermoemission  system  on  solar 
energy;  4  -  thermoelectric  system  with  atomic  reactor  without 
protection;  5  -  thermoelectric  system  with  atomic  reactor  with 
protection;  6  -  turbogenerator  system  on  solar  energy;  7  -  thermo¬ 
emission  system  with  atomic  reactor  without  protection;  8  -  thermo¬ 
emission  system  with  atomic  reactor  with  protection;  9  -  turbogenerator 
system  with  atomic  reactor  without  protection;  10  -  turbogenerator 
system  with  atomic  reactor. 

Designations:  k#/h $m  «  kg/kW,  xtm  *  kW. 
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The  mass  of  the  nuclear  reactor  and  the  mass  of  the  protection 
unit,  making  up  the  major  portion  of  the  mass  of  the  power  plant, 
vary  little  with  an  increase  in  the  power  of  the  power  plant. 
Therefore,  at  high  power  levels  the  specific  mass  of  installations 
with  nuclear  reactors  is  the  smallest  and  these  installations  are 
preferable  for  use  in  space  engines. 

Turbogenerator  installations  have  less  specific  mass  as  compared 
with  thermoemission  beginning  with  a  power  of  approximately  50  kW 
because  of  the  higher  efficiency  which  is  evident  from  Pig,  1.2, 


M'HS 
h500 


SaSilMIIMIII 


*i5 

1  W  '  100  '  woo 

Fig.  1.2.  The  dependence  of  mass  and  efficiency  of  nuclear  power 
units  upon  electrical  power  (without  protection):  1  -  the  mass  of 
thermoemission  installations  with  efficiency  equal  to  10;  2  —  the 
mass  of  turbogenerator  installations  with  efficiency  changing 

installStionsCUrVe  3j  3  “  th®  efflciency  of  turbogenerator  power 
Designations:  *»  =  kg,  «««  =  kW, 
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Extraterrestrial  motors  in  power  from  1  to  50  kW  are  promising 
with  thermoemission,  thermoelectric  energy  conversion  with  any 
nonnuclear  heat  source.  Radioisotope  power  sources  are  effective 
for  systems  with  thermoelectric  energy  converters  for  low-power 
motors  (from  30  W  to  50  kW). 

The  economy  of  extraterrestrial  motors 

The  second  important  requirement  for  an  ERE  is  minimum 
expenditure  of  working  medium  during  its  operation,  i.e,,  the  best 
economy,  factor.  This  is  determined  by  the  specific  function  of 
the  working  medium. 

Specific  consumption  is  the  ratio  of  the  flow  rate  per  second 
of  the  working  medium  to  the  thrust  level  of  the  motor  (kg/N*s): 


In  an  electrical  ERE  the  entire  reserve  of  the  working  medium 
is  located  aboard  the  ship;  therefore,  we  determine  the  economy 
factor  of  a  motor  based  on  the  specific  impulse, 

The  specific  impulse  of  a  motor  is  the  ratio  of  its  thrust  to 
the  flow  rate  per  second  of  the  working  medium:  J  *  R/mT,  This 
value  is  Inverse  to  the  specific  flow  rate  of  the  working  medium. 

Specific  impulse  in  the  International  System  is 

MJ  — [~]  N-s/kg  (1.3) 

Table  1.2  gives  a  comparison  of  the  specific  impulses  of  plasma 
extraterrestrial  engines  (PEE),  ion  extraterrestrial  engines  (IEE), 
and  liquid  propellant  rocket  engines  (LPRE), 
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Table  1.2. 


Impulse  J 

;  LPRE 

PEE 

IEE 

m/s 

C2.2-3.5M03 

(50-100) *103 

up  to  600 *103 

| 

*  ! 

Extraterrestrial  electrical  rocket  motors  have  a  specific 
impulse  higher  xthan  LPRE.  This  explains  the  preferred  use  of  * 

electrical  rocket  motors  for  interstellar  flights.  The  value  of 
specific  impulse,- In  each  concrete  case  should  be  optimal. 

Reliability  and-  service  life  of  ERE 

Reliability  is  usually  understood  as  the  property  of  the  product 
to  execute  assigned'  functions ,  preserving  its  operating  indexes 
within  assigned  limits  during  the  required  time  interval  or  required 
operating  time. 

The  reliability  of  a  produc.t  is  explained  by  its  "dependability," 
"maintainability,"  "storage  stability,"  and  also  by  the  "longevity" 
of  its  parts. 

In  this  section  we  examine  only  problems  relating  to  longevity-. 

A  broader  discussion  of  the  problem  of  reliability  is  given  in 
section  l.l». 

Longevity  is  the  property  of  a  part  to  preserve  efficiency 
up  to  a  limiting  condition  with  the  necessary  interruptions  for 
maintenance  and  repair.  • 

The  Indexes  of  longevity  are  life  and  service .period, 

i 

Life  is  characterized  by  the  length  of  operating  time  up  to 
a  limiting  condition  specified  in  the  technical  specifications  and 
records.  The  service  period  is  the  length  of  time  by  the  calendar 
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1 


! 


that  a  part  operates  before  !the  limiting  condition  sets  in  or  before 
write-off.  i 

'  i  •  i 

Identical  motors  during  operation  will  have  different  longevity 
since  damage  and  breakdowns  are  possible  i!n  various  elements  of  the 
motor  and  at  different  times  and  occur  as  a' result  of  scarcely 
noticeable  differences  in  material,  manufacturing!  procedures ,  ptc. 

,  1  i 

The  life  (service)  is  established  by,  the  supplier  plant  as  i 
the  time  of  guaranteed  faultless  operation  of  the  engine.  After 
working  its  full  life  the  engine  is  removed  from  operation. 

,  ,  '  '  • 

Longevity  is  different  for  engines  of  different  purposes. 

For  example,  for  liquid  and  solid  propellant  rocket  engines  (LPRE  dnd 
SPRE)  it  is  less  than  5  h,  for  aviation  turbojet1  (TJE)  100.-1500  h,  ‘ 
and.  for  extraterrestrial  electrical  rocket  engines  (ERE)  5-10,000  h. 

■  1  i  .  , 

*  \ 

Life  .of  ordinary  rocket  engines  (LPRE  and  SPRE)  for  one-shot 
use  is  made  up  of  the  useful  operating  time,  the’  plant  inspection  time 
and  the  acceptance  testing  time.  '  1  1 

I  * 

'  *  . 

The  life  of  engines  for  repeated5 use  is  easily  established  , 

•  I 

based  on  the  trouble-free  service  time  of  the  most  stressed  critical 

I 

part  of  the  engine.  Such  engines  have  the  concept  of  full  or 
amortized  life,  which  is  established  from  several  intermediate  livds. 

After  operating  for  a  period  corresponding  to  an  intermediate  life- 

*  •.  1 

time  the  motor  undergoes  complete  dismantling,  replacement)  of  stressed 

parts  which  are  dangerous  in  an  emergency,  and  then  the  second  1 

« 

operation  on  the  following  lifetime,  There  can  be  several  suchj 
lifetimes.  Amortized  or  full  life  can  consist  of  two  or  thfee 
intermediate  lifetimes  after  overhauls.  Only  after  working  out  the 
amortized  or  full  lifetime  does  an  engine  go  for  remelting.  ! 


The  longevity  of  ERE  can  be  different  depending  upon  their 


purpose , 


t 
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Radiation  safety  for  an  ERE 

! 

Radiation  safety  is  :especidlly  important  for  systems  whose  power 
source  is  a  nuclear  reactor  or  radioactive  isotopes. 

:  '  !  i 

i  The  requirements  .for  safety  techniques  for  emergency  states 
are -different  depending  upon  the  time  and  place  of= the  emergency. 

J  i 

If  the  emergency  is  at!  the  start,  in  the  immediate  proximity  of 
the  earth’s  sur  ace  (altitude  of  failure1  no  more ’’than  50  km),  the 
power  plant  should  ‘be  allowed  to  fall  and  not  be  destroyed  (it  can 
not  ha^e  time  to  burn).  If  the  emergency  occurs  upon  start  at  a 
significant  (distance  from  earth,  the^RE  should  be  destroyed  into 
such  fine  particles  a^s  to  ensure  that  the  installation*  will  burn  up 
at  a  distance  of  100-150  km  from  earth.  If  such  destruction  does 
.not1  occur,  or,  if  the  destruction 'or  emergency  occurs  in  the  zone 
of  earth, orbits,  it  should  be  shot  off  to  the  pide  of  orbit3  exceeding 
*100  km  where  its  radiation  is  not  dangerous  and  where  it  can  remain 
for  a  l'ong  period  of  time,  . 

i  i 

i.3.!  STRUCTURAL  DIAGRAMS  OF  ERE 

a 

1  i 

Let  us  examine  an  ERE  with  an  ion  motor  and  a  power  installation 
with  an  energy  conversion  machine.  Figure  1.3  shows  the  structural 
^diagram  of  such' an  ERE.  It  consists  of  two  fundamental  parts  -  the 
power  installation  1-1*1  and  the  ion  motor  itself  15. 

i 

The  power;  installation  is  a  three-circuit  system  and  each 
circuit  is  a'  sealed  independent  system  where  liquid  metal  circulates. 

l  J  * 

Despite  the  apparent  complexity,  a  three-circuit  diagram  is  preferable 
to  a  single-circuit  or1  a  tjwo-circuit .  1 

|  * 

One  of  the  substantial  advantages  of  the  three-circuit 
installation  is  the  fact  thjat  In  the  reactor*  and  the  cooler-radiator 
the  -working  medium  is  in  a  single-phase  'working  state, 


1 

I 

J 


Pig.  1.3.  Diagram  of  an  ERE  with  mechanical  energy 
conversion  and  an  ion  rocket  motor, 

In  the  single-circuit  installation  the  reactor  should  be  a 
boiling  reactor.  In  the  two-circuit  installation  we  can  not  avoid 
the  two-phase  state  of  the  working  medium  in  the  radiator, 

The  first  outline  of  the  installation  consists  of  the  reactor  1 
with  protection,  the  steam  generator  2  and  pump  units  12,  the 
oxide  trap  filter  11  and  compensating  capacitance  13. 

The  second  circuit  of  the  installation  consists  of  a  steam 
generator  2,  a  turbine  3  of  the  turbogenerator,  turbine  control  1H, 
regenerative  heat  exchanger  5»  condensation  heat  exchanger  6,  and' 
units  11,  12  and  13. 

The  third  outline  of  the  installation  consists  of  condenser  6, 
cooler-radiators  7  and  9»  heat  exchanger  8,  and  bearings  of  the 
turbogenerator. 
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Table  1.3  shows  the  working  media,  temperatures,  and  pressures 
which  may  be  encountered  in  designing  such  an  installation.  As  can 
be  seen  from  the  table,  mercury,  potassium,  and  sodium  eutectic  make 
possible  the  designing  of  a  comparatively  low-temperature  power-plant. 
Its  advantage  lies  in  the  possible  use  of  simple  stainless  steel 

*  of  type  Khl8N9T.  The  low  level  of  temperature  for  the  heat  carrier 
simplifies  the  finishing  of  this  installation  and  operation.  The 
shortcoming  of  these  working  media  is  the  low  temperature  of  the 

•  radiator.  A  cycle  with  elevated  radiator  temperature  under  equal 
conditions  gives  a  lighter  installation. 

An  installation  where  the  working  media  are  lithium  and  potassium, 
other  conditions  being  equal,  has  less  mass  because  of  the  decrease 
in  size  of  the  radiator.  However,  here  we  should  consider  the 
necessity  of  using  the  more  expensive  materials  niobium  and  molybdenum 
in  Circuits  with  lithium. 

Installations  with  sodium  and  potassium  have  a  more  intermediate 
position  with  respect  to  their  advantages. 

Let  us  examine  the  interaction  of  elements  of  the  installation 
(see  Pig.  1.3).  Sodium  or  lithium  eutectic  from  the  reactor  enters 
the  steam  generator  2  forming  the  steam  of  the  working  medium  for 
the  secondary  circuit  of  the  installation.  Steam  entering  turbine 
3  turns  the  rotor  of  the  turbogenerator,  installed,  as  a  rule,  on 
hydrostatic  bearings.  The  working  medium  enters  regenerator  5  where 
part  of  the  heat  is  given  off  to  the  condensed  working  medium  and 
further  into  condenser  6  where  the  steam  is  completely  condensed, 

The  condensation  of  vapor  in  the  secondary  circuit  is  accomplished 

by  the  cold  liquid  metal  of  the  third  circuit  which  is  usually 

selected  to  be  the  same  as  the  metal  of  the  first  circuit.  In  the 

third  circuit 'the  heat  is  expended  by  the  condenser-radiator  7. 
i  " 

The  pumping  of  metal  in  each  circuit  is  done  by  pump  12  and  the 
cleaning  by  filter  11 j  the  compensation  of  metal  expansion  during 
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heating  is  accomplished  by  capacitor  13.  Turbine,  revolution  is 
controlled  by  regulator  14. 

Part  of  the  liquid  metal  in  the  third  circuit  enters  the  bearings 
of  the  turbine  generator.  Usually  the  temperature  of  this  metal 
coming  out  of  the  radiator  is  higher  than  the  optimum  temperature 
of  the  bearing.  It  should  be  lowered  to  t  3  i'50'-200°C,  Pressure 
in  the  circuit,,  defined  only  by  resistance  in  the  circuit  and  the 
cavitation  characteristics  of  pump  12  (usually  not  exceeding  (1,0-2)  * 

c  p 

x  10’  N/m  ) ,  is  insufficient  for  bearing  efficiency,.,  This  is  why 

in  a  parallel  circuit  of  the  third  outline  there  is  installed, 

besides  an  additional  cooler  9,  a  centrifugal  pump  10  which 

S  2 

pressurizes  the  metal  in  the  bearing  to  (.4-6 ).•  10  N/m  ., 

There  is  one  more  circuit  in  this  installation-,  the  fourth 
circuit,  tho  cooling  circuit  of  \he  turbogenerator  windings. 

The  advantage  of  such  an  installation  lie3  in  the  fact  that 
in  all  its  parts  elements  of  known  technical  solutions  are  -used  and, 
in  this  sense,  it  is  nearer  than  any  other  to  accomplishment.  It 
is  also  known  that;  for  an  ERE  of  high  power  the  specific  mass  of  such 
■an  installation  is  the  least.  The  shortcomings  of  such  an 
installation  are  its  complexity  and  bulkiness. 

Let  us  give  one  of  the  possible  versions  of  the  starting  of 
such  installation. 

* 

The  installation  is  vacuumized  and  serviced  with  the  working 
medium.  After  filling,  the  metal  is  cleaned  by  the  filters. 

After  servicing  in  the  heated  state,  the  installation  enters  the  * 

carrier  rocket  and  in  this  state  is  placed  in  orbit.  In  orbit,  after 

dropping  the  aerodynamic  and  heat  shields,  the  reactor  is  turned 

on.  The  temperature  of  the  working  medium  is  raised..  The  radiator,  4 

unfolded  into  working  position,  ensures  the  cooling  of  the  working 

medium.  The  turbine  of  the  turbogenerator  makes  its  first  revolution, 

The  ERE  after  a  certain  time  goes  into  operating  mode. 
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The  schematic  of  a  nuclear  thermoemission 
power  plant  with  a  plasma  motor  , 


The  motor  installation  shown  in  Fig.  1.4  consists  of  power  plant 
1-11  and  the  motor  itsel-f  12. ?  !  . 


The  power  plant  is  a  single-circuit  type  and  includes  the 
subassembly  of  the  reactor  1  in  which  the  heat-releasing  element 
(HRE)  has  been  combined,  with  cathode  2  and  anode  3  and  the-  units 
for  protection  4,  radiator  5,  pump  6*  compensating  capacitor  7, »  1 

tank  with  inert  gas  8,  and  starting  pump  ,9  complete  the  installation. 

4  1  \ 

»*  , 

The  figure  also  shows  the  arbitrary  placement 1  of  capacitor  10 
with  cesium,  the  discharging  jet'  11  for  dumping  ces^uia  and  slag 
products.  ‘  , 

«  ,  1  !  ! 

During  the  starting  of  the  reactor  and  its  heating,  there 
proceeds  the  emission  of  electrons  from  the  heated  cathode  to  the  1 
comparatively  cold  anode,  Heat  is  removed  from  the  anode  by  the 

i 

liquid  metal  which  circulates  in  the  circuit  and  the  radiator. 

‘  5  5 

The  current  being  obtained  is  used  for  the  power  supply  pf  the  motor, 

'  !  . 

pumps  and  units.  ' 


i  i 
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V  ' 

,  The  advantage  of  such  an  arrangement  is  the.' simplicity  (t'here 
are  no  rotating  parts),  compactness,  and  tpe  possibility  d f  obtaining 
i  high  currents  directly,  .which  simplifies  the  power  supply  of  the  ' 
plasma  motor.  The  shortcomings  of  the  arrangement  are  the  complexity 
of  finishing  the  reactor  unit  jwith  a  converter,  and  the' difficulty 
involved  with  studying  and jadjusting  these  two  fundamental ‘elements . 

)  .  : 

1  i  , 

*  \  The  subasseiribly 'works , under  conditions  of  elevated1  temperatures 

when  large  neutron  fluxes  existj  and  prolonged  time,  wAich  pompllcates 

i  .  «  i 

the  'selection  of  adequate  materials, 

I  »  *  t  t  4 

The  installation  is  Started  similarly  to  the  installation  in  1 

the  previous  example.  After  filling,  he'ating,.1  and  cleaning,  the 

1  >  "  : 

installation  is. ready  to  start.  Circulation  of  liquid  metal' is  | 
ensured  by  starting  pump  9  which,  after  the  reactor  is  started,  , 
is1  disconnected.  i  , 

i  '  i  i  ‘ 

Diagram  of  an  extraterrestrial  power  plant 
i  with  thermoelectric  energy  iconvers ion  (  i 

i  • 

•  -  '  «  1 
Figure  1.5  shows  this  type  of  two-circuit  unit,  The  first  , 

circuit  consists  qf  the  reactor  1,,  the  .pump  3,  and  the  thermoelectric 


(  converter  unit  4.  Th‘e  -secbr.d  circuit,  consists  of  the  converter  4  ■ 

and  the  Pauiator  5’*  Each  circuit  has  a ’compensating  compacitor  6  ! 

(sh.own  here  onl!y  in  the  radiator  circuit).  The  unit  can  have  one  ». 

'  pump  3  on  hoth  circuits.  The  cooling  of  such  a  .pump  can  require ian 

f  l  *  .  J 

additional  cooler-radiator  2.  i  1  i 

■  ,  i 

i  *  • 

•  When  the  reactor  is  Started  there  occurs1  heating  of  the  i  '  t 

i  .  i  i  . 

hot  junction  of  the  thermoelectric  (semiconductor). converter  of  1  * 

the  unit.  The, ^cooling  of  the  converter  is  accomplished  by i the  . 

lliqui^  metal  of  the  secondary  circuit).  Cui're’nt  obtained  as  a  result’  .  * 

i  i  *  * 

is  -used  for  the  power  supply  of  the  space  engine  system.  •  ■  ^ 

.  *  ■  * 
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Pig.  1.5.  Diagram  of  an  ERE  with  a  thermoelectric  energy 

converter. 

The  advantages  of  the  unit  are  simplicity  and  lightness  with 
limited  power  levels;  a  shortcoming  is  less  efficiency  than  in 
the  other  two  examined  units. 

Semiconductors  have  low  temperatures  for  the  cold-soldered 
Joint,  which  makes  a  heavier  radiator. 

The  unit  is  started  similarly  to  the  unit  examined  above . 

Diagram  of  a  solar  extraterrestrial  power 
plant  with  fuel  elements 

This  system  consists  of  three  circuits  (Pig.  1.6l).  The  first 
circuit  includes  the  solar  concentrator  1  with  thermal  trap  2,  heat 
exchanger  and  units  7,  8,  9  being  the  pump,  filter  and  compensator. 

*  The  second  circuit  includes  the  generator,  the  fuel  element 

itself  3,  the  evaporator  and  regenerative  phase  separator  4,  and 
the  condenser  5*  The  third  circuit  consists  of  the  condenser  5, 
i  the  cooler-radiator  6,  and  units  7»  8,  and  9- 
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Fig.  1.6.  Diagram  of  a  solar  extraterrestrial  power  plant 
with  fuel  elements. 


In  guiding  the  installation  into  orbit,  the  orientation  system 
insures  flux  concentration  of  solar  emission  in  trap  2.  The  liquid 
metal  is  heated  by  the  heat  of  the  trap,  for  example,  the  lithium 
which  enters  the  generator  for  the  separation  of  the  reaction 
products  of  the  fuel  element  into  the  basic  components. 

In  the  fuel  element  the  anode  working  medium,  for  example, 
sodium,  enters  the  ion-exchange  membrane,  is  ionized,  giving  off 
electrons  to  the  anode,  penetrates  the  membrane  to  the  cathode  area 
where  it  is  connected  with  the  cathode  working  medium,  for  example, 
tin.  The  cathode  working  medium,  while  dissolving  the  positive 
anode  ions,  releases  energy  close  to  the  heat  effect  of  reaction. 
Electrons  which  have  completed  operation  in  the  external  circuit 
participate  in  the  formation  of  a  reaction  product  alloy,  in  our 
example,  Na-Sn. 

Subsequently,  the  reaction  product  enters  the  regenerator 
and  the  process  is  repeated.  In  the  installation  in  question 
the  anode  working  medium,  for  example,  metal,  is  condensed  in 
the  heat-exchanger  5  with  the  help  of  the  metal  of  the  third  circuit 
and  cooler  6. 
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The  advantage  of  this  arrangement  is  its  simplicity,  cheapness, 
lightness,  and  efficiency;  the  shortcoming  is  the  difficulty  of 
selecting  design  materials  for  the  fuel  element  which  works  for  a 
prolonged  time. 

1.4.  ERE  RELIABILITY  PROBLEMS 
Initial  assumption 

In  extraterrestrial  motors  various  types  of  propellant  rockets 
can  be  used.  However,  the  most  effective  are  the  nuclear  electric 
rocket  motors.  The  electrical  power  of  such  installations  can 
be  thousands  of  kilowatts  and,  subsequently,  even  many  tens  of 
thousands  of  kilowatts.  ERE  for  piloted  interplanetary  flights  must 
work  reliably  for  10-25  thousands  of  hours. 

To  provide  reliable  operation  for  this  long  a  period  of  time 
with  a  large  number  of  on  and  off  switchings,  we  must  solve  a  number 
of  complex  problems.  Therefore,  we  shall  present  only  the  general 
problems  of  ERE  reliability  and,  in  a  number  of  cases,  show  some 
possible  approaches  to  the  solutions  of  specific  questions  of  ERE 
reliability. 

For  reliability  criteria  values  are  taken  with  which  reliability 
is  estimated  quantitatively;  they  include  the  probati  lity  of  breakdown- 
free  operation,  failure  rate,  etc. 

As  a  reliability  criterian  we  take  the  -probability  of  breakdown- 
free  operation ,  i.e.,  the  fact  that  in  a  given  period  of  time  or  in 
the  limits  of  a  given  mission  failures  do  not  occur*,  then  based  on 
the  available  experience  in  building  foreign  liquid  propellant  rocket 
engines,  the  average  reliability  of  a  LPRE,  0.9 >  is  achieved  after 
approximately  300-400  firing  tests.  In  this  sense,  the  work  on 
a  single-chamber  LPRE  with  a  thrust  of  690  t  (the  F-l  engine,  USA) 
is  very  characteristic.  This  engine  operates  on  a  propellant  which 
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consists  of  kerosene  (RP-1  fuel)  and  liquid  oxygen.  It  was  developed 
duping  the  period  1960-1965  with  15*15  bench  starts  and  an  overall 
average  operating  time  of  ^8200  s  for  each  engine.  Fifty-eight 
motor  samples  were  spent  on  the  first  thousand  starts.  In  use  on 
a  rocket  this  motor  should  work  reliably  for  'V'150-s^^  If  we  assume1 
that  at  the  moment  of  the  beginning  of  motor  operation  its-  reliability 
P  was  equal  to  zero  (in  actuality,  probability  of  breakdown-free  • 
operation  of  this  type  engine  with  the  first  start  can  scarcely  be 
lower  than  0.2)  and  then  it  built  up  according  to  exponential  law 

P=l~  e-*N ,  (l.H) 

where  N  is  the  number  of  tests,  a  is  a  certain  coefficient -which 
characterizes  the  rate  of  reliability  rise  (see  example  at  the  end  of 
section),  then  after  conducting  310  tests  the  reliability  calculated 
thus  was  0.7-0.75,  and  after  conducting  15^5  tests  it  became  no 
less  than  0.9975.  By  reliability  we  ,meap  the  lower  confidence  limit 
of  the  probability  of  breakdown-free  operation  during  a  preset 
period  of  time  under  given  conditions  with  a  confidence  coefficient 
of  0.95. 2 

As  concerns  ERE,  because  of  their  extremely  high  cost  they 
can  only  be  manufactured  in  single  samples.  However,  the  quantitative 
forecast  of  reliability  and  its  experimental  confirmation  are 
necessary j  special  items  are  not  isolated  for  confirmation  of 
reliability,  but  everything  necessary  for  this  is  obtained 
simultaneously  with  operation  and  acceptance  tests  of  working 
samples . 


1  Barlow  P.,  Proshan  F. ,  Mathematic  reliability  theory,  translated 
from  English,  izd-vo  "Sovetskoye  radio,"  1969,  str.  33*1. 

Confidence  range  is  the  interval  limited  by  the  confidence 
boundaries  in  which,  with  a  given  confidence  coefficient,  lie  the 
parameter  being  evaluated.  Confidence  parameter  is  the  probability 
of  the  fact  that  the  parameter  being  evaluated  lies  within  a  given 
confidence  Interval  (GOST  13216-67). 
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A  complex  system  or  any  part  of  it,  with  the  advent  of  the 
science  of  reliability,  became  possible  to  estimate  as  a  certain 
number  which  quantitatively  characterizes  the  reliability  of 
each  specific  item.  However,  it  is  necessary,  to  know  fully  that 
this  number  (if  it  is  near  enough  to  one)  can> be  an  actual 
characteristic  of  the- reliability  of  the  specific  example  of  the 
product  only  under  the  condition  of  continuous  effective  action 
to  maintain  (perfect)  the  quality  of  the  part  in  all  stages  of  its 
manufacture  and  operation.  The  reliability  of  any  product  combines 
into  one  very  many  different  elements,,  units,  instruments,  systems 
and  processes. 

At  the  ERE  planning  stage  as  a  measure  of  reliability  it  is 
possible  to  use  conditionally  the  probability  of  breakdown-free 
operation  in  the  execution  of  a  problem.  Breakdown-free  operation 
must  be  provided  during  the  guidance  of  the  spacecraft  with  the  ERE 
to  the  start  orbit,  during  the  start  in  this  orbit,  during  operation 
in  the  transfer  phases,  in  the  stopping  and  starting  processes 
for  these  phases,  and  in  the  trajectory  returning  the  crew  to 
earth  orbit. 

Statistical  data  on  such  installations  are  still  scarcely 
available;  therefore  in  predicting  reliability  we  use  various 
factors  whor?e  selection  depends  upon  tests  and  engineering  intuition 
of  the  designers.  These  factors  are  useful  in  the  early  stage  of 
planning  since  \they  enable  the  distribution  of  reliability  require¬ 
ments  between  component  parts  of  the  complex.  Calculations  of 
reliability  decrease  the  subjectivity  of  the  approach  for  the 
definition  of  technical  specifications  under  development  and  make 
it  possible  to  simplify  the  agreement  of  inconsistent  requirements. 
Furthermore,  reliability  calculations  are  necessary,  to  define 
the  program  necessary  to  provide  reliability.  Actually  calculations 
connected  with  the  prediction  of  reliability  concern  only  the 
reference  line  of  incorrect  execution.  They  do  not  include 
uncertainties  and  indeterminancies  characteristic  for  new  developments, 


especially  for  installations  intended  for  prolonged  operation  under 
new  conditions.  As  noted,  ;these  uncertainties  are  estimated 
subjectively.  Prediction  and  confirmations  of  reliability  should 
consider  and  estimate  the  results  of  all  conditions:  the  bases  for 
development,  the  qualification  for  developers,  the  level  of 
production,  physical  phenomena,  leading  to  failures,  operation, 
the  possibility  of  designing  a  product  able  to  resist  at  all  stages 
the  conditions  which.-deteriorate  product  qualities.  In  this 

* 

case,  an  approximation  should  be  selected  correctly.  One  ought  also 
to  remember  that  the  test  .conditions  never  completely  correspond 
to  actual  service  conditions,  especially  as  this  relates  to  complex 
ERE.  The  proper  use  o i  weighted  tests,  just  as  natural  tests, 
in  determining  weak  points  in  projects  requires  especially  large 
experiments.  Therefore,  forecasting  the  reliability  of  a  complex 
system  which  has  been,  created  can  be  done  only  by  highly  skilled 
specialists.  High  reliabi.  ity  can  be  achieved  by  performing  a 
group  of  operations  including  the  following* 

-  analytical  investigations; 

-  generalization  of  the  experiment  of  developers  and  utilization 
of  statistics; 

-mathematical  simulation  in  analog-digital  computers  (ADC): 

-  complex  simulation  (the  ADC  together  with  natural  units  or 
systems); 

-  deep  exploratory  investigations  and  careful  adj  -'s*-.ient  in 
laboratory  conditions,  on  stands  with  the  simulation  of' space 
conditions  as  well  as  in-flight  conditions; 

-  equipment  providing  for  the  maintenance  of  reliability  and 
functioning  during  operation; 

-  strict  and  continuous  support,  procedural,  industrial  and  ’ 

organizational  measures  which  ensure  faultless  production  and  the 
operation  of  the  item; 

-  positive  solutions,  equipment,  and  measures  which  ensure  v 

adaptability  of  an  ERE  to  self-maintenance  in  working  during  the 

entire  period  of  operation. 
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Stages  and  content  of  operation  '  , 

I  !  ! 

The  creation  and  use  of  complex  produqts  generally^  and  with  ; 

an  ERE  especially,  is  divided  into  the  following. stages : 

!  *  I  * 

1  i 

i 

-  scientific  research  and  the  introduction  of  proposals  concerning1 

I  • 

the  .creation  of  an  ERE  of  a  specific  purpose; 

-  preliminary  planning,  compilation  .and  agreement  of  technical 

tasks;  *  ■ 

i 

-  sketch  and  engineering  design;  : 

-  experimental  adjustment  in  full  scale  and  the’  manufacture  of 

experimental  models;  .  : 

-  bench  tests  under  conditions  of  .space  simulation,  fli'ght  ‘! 

design  tests,  and  government  tests;  1 

-  the  manufacture  of  the  working  part;  i  ( 

-  program  application  (utilization,  operation)..  . 

«  *  ! 

(  !  * 

The  quantity  and  sequence  of  stages  during  the  icreation'  of  an1  ! 

ERE  can  change  based  on  specific  problems. 

i 

!  ; 

To  provide  and  evaluate  reliability  as  a  -parameter  of  ’an  ERE'  the  * 1 
development  and  utilization  of  special  procedures  is  required  at 
all  stages  of  creation  and  product  application  (spebial  methods  of 

•  i 

study,  calculation,  adjustment  of  constructjio.n  and  technology, 
measurement,  provision  for  faultless  production,*  etc).  i 

,  !  1  1 

Coordination  and  general  organization  of  work  in  cheating  an 

ERE  with  the  assigned  level  of  reliability-  should  be  carried  out  on  i 
the  basis  of  the  following  assumptions :  ‘  •  '  , 

*  I 

-  concerning  the  order  of  development,  tests,  experimental 
manufacture,  manufacture  for  use,  and  input  of  ERE  into  operation;  1 

-  concerning  the  order  of  the  agreement  of  specifidations  on 

the  supply  of  component  parts  (elements)  ,•  materials  and  their  ,  J  ' 
supply  with  the  reliability  evaluation;  1 

1  ’ 

i  "  . 

:  i 

i  » 
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.  i  “I 

,  '  I 

i  • 

t 

-  concerning  the  evaluation  and  current  marginal  testing  of 

products  ip  production;'-  < 

-  concerning  a  single  system  of  information  about  the  technical 
•state  and  the  rellabiljLty  of  all  parts  and  the  ERE  as  a  whole; 

-  concerning  reclamation  work; 

,  t 

>-  concerning  the  reliability,  services  of  all  organizations 
which  participate  in  the  creation  of  the  ERE. 

i  •  ‘  {  i  x 

Requirements  for  methods  of  standardizing-' and  evaluating  the 

reliability  of  individual  forms  of  systems  and  complex  products 

making  up  jthe  ERE  should  be  specified  in  special  documentation. 

« 

1  * 

Reliability  requirements  for  an  ERE  and  its  parts  are 

introduced  into  technical  assignments  and  then  into  technical 
specifications ’and  manufacturing  records. 

i  * 

Reliability  at  the1 stages  of  product  manufacture  is  ensured 
and  confirmed  (measured,  demons tqated)  on  'the  basis  of  the  common 
plan  ‘for  the  creation  (development,  manufacture)  of  the  product 
with  the  assigned  ldvel  of  reliability  and  the  program  for  providing 
"  engineering  data  and  reliability  of  the  component  parts  of  product. 

Methods  and  means  of  "confirming  (measuring,  demonstrating) 
reliability  are  established  by  general  and  specific  procedures 
or  byi  specifications ' for  manufacture*  test  and  inspection  of 
component  parts  and  the  ERE  as  a  whole .  During  the  creation  of 
such  a  complex  system  as  an  ERE,  especiqlly  at  the  initial  stages,  it 
is  not  always  possible  to  estimate  quantitatively  its  reliability. 

In  these  leases  it  is  advantageous  to  use  its  merit  rating.  By  merit 
rait.ing  for  reliability  ‘we  mean  the  evaluation  of  the  suitability 
of  the  product  for  use  with  respect  to  its  purpose,  based  predominantly 
upon  qualitative  analysis.  This  includes;. 

I  , 

-  the  correctness  of  the; operating  principles  selected,  volume 

«  i  '■  ,■ 

and  depth  of  design  and  theoretical  substantiation,  modes  of  operation, 

•  i 

>  1  j  i  i 

f  1  i 

:2*l 

1 

:  i  f 


! 
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the  use  of  earlier  systems  and  units,  the  advisability  of  using 
basic  materials  and  component  parts,  stability  against  service 
failure  in  the  least  reliable  elements,  the  correctness  of  the 
accepted  structural  solutions  and  product  strength  reserves; 

—  procedural  and  industrial  provision  for  solutions  arrived 
at  during  planning; 

—  the  necessary  volume  of  tests  during  the  experimental  check 
of  designs,  circuits,  modes  of  operation,  stability  to  external 
effects,  critical  characteristics  and  conditions; 

—  the  sufficiency  of  complex  tests  and  checks  of  the  correctness 
of  a  combination  of  systems  under  various  possible  emergency 
situations. 

During  the  compilation  and  coordination  of  works  based  on 
programs  to  ensure  ERE  reliability,  it  is  necessary  to  keep  in  mind: 

-  reliability  as  a  given  value  can  be  achieved  only  after 
conducting  a  series  of  adjustment  stages  for  all  parts  and  the  ERE 
as  a  whole; 

-  achievement  of  the  assigned  level  of  reliability  with  the 
correct  work  setting  is  determined  by  the  number  of  valid  experiment 
made  while  conducting  a  given  stage  of  adjustment  for  the  part  of 
the  structure  being  examined  or  the  ERE  complex; 

-  the  value  which  characterizes  the  reliability  rises  sharply 
with  the  use  of  special  airborne  apparatus  for  monitoring,  maintenanc 
and  optimization  of  ERE  efficiency  as  a  whole  or  an  extraterrestrial 
vehicle  which  uses  an  ERE  as  the  basic  motor. 

This  latter  can  guarantee  adaptability  of  an  ERE  to  supporting 
itself  in  working  order  during  its  entire  life. 
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Fig.  1.7.  Flowchart  for  reliability  work  on  an  ERE. 


Structural  diagram  of  operations 

The  reliability  of  elements,  units,  systems,  and  the  ERE  as  a 
whole,  as  with  any  complex  product,  is  set  at  the  planning  and 
designing  stage,  is  ensured  and  supported  at  the  subsequent  stages 

p 

of  manufacture,  experimental  adjustment,  production  of  flight 
samples,,  and  during  their  operation.  Figure  1.7  depicts  the 
structural  diagram  of  operations  with  respect  to  ERE  reliability. 
Figure  1.8  shows  the  results  of  calculations  in  a  fully  simplified 
analytical  model  of  reliability.  They  show  how  reliability  of  a 
complex  ERE  depends  upon  yhe  levels  of  the  reliability  of  the 
main  operating  parts.  This  'reliability  is  given  taking  into 
account  the  different  levels  of  the  effect  of  subsystems  involved 
in  the  structural  diagram  of  ERE,  reliability  along  with  the  main 
operating  parts.  To  compile  a  curve  of  reliability  growth,  as 
depicted  in  Fig,.  1.8,  it  is  necessary  to  examine  the  entire  structural 
diagram  of  the  ERE.  Such  branched  schematics  must  be  composed  for 
a  series  of  structural  solutions  being  examined  and  the  optimum 
version  should  be  selected  (including  the  accepted  redundancy, 
maintainability,  etc.).  From  the  approximation  chart  in  Fig.  1.8 
it  is  evident  that  in1  the  initial  stages  of  finishing  the  decisive 
influence  on  reliability  is  the  various  links.  In  the  process  of  * 
finishing  their  effect  is;  almost  excluded.  In  spite  of  this,  the 
reliability  of  the  entire  complex  in  practice  has  not  been  acceptable 
even  with  high  reliability  for  the  main  operating  parts.  Above  has 
been  shown  the  complex  of  operations  in  establishing  reliability  which 
must  be  accomplished  to  achieve  an  assigned  reliability  for  a  real 
ERE. 

*  wince  creating  an  ERE  is  the  joint  work  of  a  large  number  of 

specialized  organizations,  the  responsibility  for  providing 
reliability  is  distributed  among  the  chief  developer  of  the  ERE 

,  complex  and  the  organizations  making  the  component  parts,  materials, 

units,  and  systems.  The  correct  distribution  of  reliability, 
requirements  between  developers  forces  them  to  make  an  evaluation 
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and  analysis.  It  is  evident  that  with  the  assigned  (or  accepted) 
reliability  of  an  ERE  the  reliability  criteria  of  its  components 
should  be  very  high.  Therefore,  to  provide  the  required  reliability 
all  developer  -organizations  should  create  specific  routines  for 
providing  reliability  and  fulfill  them.  The  chief  developer  must 
find  and  accept  such  diagrams  and  structural  solutions  as  will  allow, 
with  the  reliability  of  all  component  parts  somewhat  less  than  unity, 
the  fulfillment  of  the  functions  of  a  given  ERE  while  preserving  its 
operational  criteria  within  assigned  limits  for  the  necf  ;sary  period 
of  time. 


Fig.  1.8.  Possible  projected  re]/  'bility 
(probability  of  breakdown-free  operation)  for  an 
ERE  complex  under  different  levels  of  reliabilities 
for  the  main  functioning  parts. 
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Reliability  program 
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An  ERE,  as  any  item  of  space  technology,  must  have  high  . 
reliability  under  the  condition  of  the  systematic  fulfillment  of 
specific  operations  (programs).  Below  is  a  list  pf  operations 
which  ensure  the  reliability  programs.  i  \  \ 


i  !  1  > 

1.  A,  study  of  technical  and  reliability  characteristics 

of  parts  6'f  analogs  and1  prototypes .  •  An  acquaintance  with  items 

at  their  production  sites  (design,  preparation,  adjustment)  and 

operating,  sites.  Recognition  of  breakdowns  and  emergencies} 

.  * 

recognition  of  factors  determining  these  breakdowns  and  emergencies ; 

■  i 

a  study  of  methods  used  to  eliminate  them;  examination  of  methods 
used  to  adjust  item  to  the  necessary  reliability.  . 


2.  Compilation  and  analysis  o.f  the  reliability  pf  versions  pf 
enlarged  structural  diagrams  and  mathematical  models  of  itemSjto 
be  developed,  taking  into  account  the  conditions  of  their  use.  Ih 
compiling  the  diagrams,  it  is  necessary  to  apply  the  principle  of 
self-adaptation,  which  in  its  practical  application  reduces  to  the 
automatic  detection  of  deviations  in  tfie  operation  of  the  item  (o'r  a  ^ 
part,  system,  unit  of  it),  th'eir  identification  (establishment  of 
reasins),  choice  of  correcting  actions  (or  kperatibns) ,  and  , 
application  of  the  selected  operation  to  eliminate  the  failure  ' 
noted  (disturbance  of  operational  capability). 

i  « 

A  self-adapting  ERE,  because  of  the  presence  ’in  it  of  means 

for  breakdown  compensation,  can  ensure  .great  longevity  wi  h  optimal 

characteristics  of  each  condition  pf  flight.  Self-adaption  makes  1 

it  possib/le  to  use  for  achieving  almost’ absolutely ’reliability 

elements 'which  are  not:  absolutely  reliable.  ’Prom  the  point,  of  view 

of  ERE  production  and  adjustment,  the  use  of  self-adapting  devices 

1  ■ 
means  that  for  adjustment  tests  considerably  less  self-adap’ting  • 

items  than  the  ordinary  nohself-adapting  items  are  necessary.1 
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l 


1 


I 


r  ! 


,  3*  The  first  optimization  of  self-adapting  systems  and  the  ERE 

as  a  whole  is  based  on  the  fpllowing  parameters: 

1  I  •  S  '  i  , 

i 

i  , 

i  >  ■—  reliability  of  structural  diagram;  : 

!‘  — '  wdight  charapteristics ;  ! 

-  cost.  I  1  !  |  |  '  1 

,  .  •  ■  !  I  .  !  ‘  .  ' 

4.  Preliminary  standardization  of  the  reliability  of  elements ,  , 

unitis,  instruments,  aggregates',  and  systems.)  •  ! 

1  1  ,  ,  i 

!  5.  Development  and  basqs  for  requirements  on 'complex 

.reliability,  more  precise  definition  (of  reliability  norms 'for 

|  ,  * 

i systems,  taking  into  account  requirements  on  operation,  cost  and  i 

"'e^ht'  '  .  .  . 

1  '  ; 

6.  Selection  of  .completing  elements;  solution  to  problems  , 

'  of  specialized  development  of  new  completing  elements  and 'materials  , 

with  respect  to  engineering  level  which  is  expected  in  the  operating 

!  i 

period  of  the  future  ERE.  ,  '  *  i 

It,  1  1 

|  J  *  ‘  * 

1  7-  Second  optimization  of  ERf  reliability,  taking' into  account' 
the  work  of  in-flight  systems  for  checking  'and  maintaining  reliability 

I  ill"  * 

ahd  ERE  contrpl.  Detei’mining  the  basic  data  and  compiling  'the(  ! 

technical  task  for  developing  this  in-flight  system  which  must  also 
:  be  built  according  to  the  self-adaptation  principle  and  fulfill  the 

following  basijC  ojberai  ve  functions: 

■  .  1  "  >  *  1 
*  !  ‘  i 

-‘multiple  check  (sometimes  hundreds  o!r  even  thousands' per 
second)  according  to  several  values  (indices)  oi1  each  te,sted 

i  ! 

,  parameter;  >  •  ,  .  >i 

1  ,  1 

evaluation  (automatic)  of  the  reliability  of  the  check 
pesults  based  "on  aj.1  tested  parameters,  for  each  moment  of  the 
1  check;  1  .  i 


i  « 


i 
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—  indication  of  state,  transmission  of  command  to  turn  on 
reserve  elements  or  systems  or  automatic  maintenance  of  reliability 
on  the  prescribed  level; 

—  prediction  of  state;  and  optirLiZation  of  the  possibilities 
of  fulfilling  the  program  at  each  checked , 'moment  of  flight  in  the 
presence  of  a  reserve,  after  its  exhaustion  and  after  each  breakdown 
of  ERE  parts  in  the  absence  of  their  possible  replacement; 

—  delivery  of  prediction  data  with  respect  to  the  provision 
of  breakdown- free  flight  ox-  return  to  base. 

8.  Development  of  reliability  of  methodology  for  the  ERE  and 
its  systems  applicable  to  all  stages. 

9.  Determining  the  nomenclatures  of  bench  equipment.  Compiling 
working  methodology,  programs;  and  graphs  for  finishing  the  :ERE 

and  all  its  parts  up  to  required  reliability.  Determining  the 
numl"'\r  of  samples  necessary  for  tests.  Developing  systems  and  forms 
of  ithering,  handling,  and' using  information  on  reliability  for 
r  'stages  of  ERE  production  and  operation.  Organization  of  the 
..  hange  of  reliable  information  between  all  development 
and  operational  sections. 

10.  Refined  optimization  (with  respect  to  characteristics 
indicated  in  paragraph  3).  Correction,  completion,  or  reworking 
of  technical  documentation  as  work  is  fulfilled  on  the  stages 
depending  upon  the  applicability  of  the  approximation  achieved 
for  the  prescribed  values  of  working  parameters,  weight,  life, 
reliability.  Achievement  and  maintenance  of  reliability  -  this 
process  is  for  the  entire  period  of  tne  item's  existence  -  from 
the  moment  of  the  agreement  on  a  technical  task  for  its  development 
to  the  end  of  the  operating  period. 


Organization  of  work 


A  piloted  spacecraft  for  flights  to  the  planets  is,  of course, 
unique  in  its  complexity.  The  ERE  for  such  a  craft  will  be  a 
powerful  installation  on  a  high  engineering  level.  Insuring  its 
reliability  is  the  greatest  problem,  not  only  scientific  and 
technical  but  also  organizational. 

After  receiving  the  technical  task  (TT)  and  establishing  time 
periods  for  development,  it  is  necessary  to  plan  all  the  work. 

One  of  the  well-known  progressive  methods  of  organizational  guidance 
in  the  creation  of  complex  systems  is  the  method  of  network 
planning  and  administration  (NTA).  The  main  value  of  this  method 
lies  in  the  fact  that  it  allows  us  to  distinguish  the*  optimal 
version  of  planning  and  administration  in  all  stages. 

To  illustrate  this  method  we  shall  graph  the  creation  of  a 
hypothetical  ERE  for  a  piloted  shacecraft.  We  assume  that  work 
is  carried  out  in  five  stages  and  ten  phases;  for  each  phase  one 
year  is  set  aside.  The  stages  and  phases  are  illustrated  on  the 
graph  (Pig.  1.9). 
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Pig.  1.9.  Main  stages  and  phases  of  operation  in  the 
NTA  system  in  the  creation  of  a  hypothetical  ERE  for  a 
piloted  spacecraft  (solid  line);  dashes  show  the 
development  of  work  on  the  creation  of  an  ERE  for  a 
flight  which  would  land  astronauts  on  a  planet  and  return 
them  to  earth. 


I 


32 


Stages 


I.  Analysis  of  the  technical  task,  planning  sketches  of  the 
ERE,  and  experimental  work  on  the  systems. 

II.  Development  and  testing  of  experimental  samples  of  ERE. 

III.  Acceptance  tests  for  systems,  the  beginning  of  the 
finishing  work  on  the  ERE  complex. 

IV.  Completion  of  finishing,  acceptance  tests  and  production 
of  an  ERE  working  model. 

V.  Combined  (complex)  bench  tests  of  a  spacecraft  with  an 
ERE;  delivery  of  samples  of  the  ERE  working  model. 

Phasee 


1.  Analysis  of  the  technical  task,  beginning  of  preliminary 
ERE  drafting,  development  of  experimental  samples  of  aggregates  and 
systems,  beginning  of  experimental  work  on  aggregates  and  systems. 

2.  Obtaining  initial  experimental  results  on  aggregdtes  and’ 
systems,  finishing  preliminary  draft  on  ERE  complex. 

3.  Finishing  experimental  work  on  aggregates  and  systems, 
making  experimental  samples  of  ERE. 

4.  Introducing  necessary  changes,  finishing  aggregates  and 
systems,  experimental  work  on  ERE  complex. 

5.  Completion  of  finishing  work  on  aggregates  and  systems, 
completion  of  experimental  work  on  ERE  complex,  introduction  of 
necessary  changes. 
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6.  Beginning  of  finishing  work  on  ERE  complex,  conducting 
experimental  flight  tests  of  some  systems,  conducting  acceptance 
tests  on  systems. 

7.  Completion  of  finishing  work  on  the  ERE  complex,  introduction 
of  necessary  changes,  pi’eparation  of  working  samples  of  the  complex. 

8.  Conducting  experimental  flight  tests  of  the  complex,  beginning 
acceptance  tests  of  the  complex,  production  of  ERE  working  model. 

9.  Completion  of  acceptance  test  of  ERE  complex,  introduction 
of  necessary  changes,  check  of  bench  tests,  and  delivery  of  samples 
of  ERE  working  model. 

10.  Combined  complex  bench  and  flight  tests  of  spacecraft 
with  ERE. 

Similar,  but  considerably  more  detailed,  graphs  should  be 
compiled  for  systems  and  their  separate  parts. 

The  listed  stages  and'  phases  show  only  the  development  and 
completion  of  the  basic  cycle  of  research  and  development  work, 
after  which  we  proceed  to  space  flight  tests  (SPT)  of  the  sample 
spacecraft  with  all  the  airborne  and  ground  flight  support  equipment. 

Component  diagram  (of  component  parte) 
of  the  ERE 

At  the  beginning  of  ERE  planning  its  systems,  component  parts, 
operat,  ng  principles,  operating  processes,  operating  modes,  materials, 
etc.,  should  be  selected.  All  interrelations  must  be  determined; 
problems  involved  in  ensuring  the  stability  of  parameters,  lifetime, 
reserves,  self-adaptation,  and  reliability  must  be  solved.  Also 
problems  in  the  organization  of  work,  accomplishment  periods,  and 
cost  should  be  solved. 
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Fig.  1.10.  Diagram  characterizing  the  component  parts  of  a 
hypothetical  piloted  space  vehicle  with  an  ERE. 


Space  vehicle 
useful  load 


'O 

(0 

TJ  O 
C  H 
<0 

O  H 
bO  3 
C  >><H 
•H  P  4) 
iH  M 
O  H  3 
P  "H 
•H  p 
C  Cd  O 
O  H 
S,H  W 
4)  -P 
U 

o  cd 

<M  hO  p. 

c 

W  tI  P 

3  C  C 
P  iH  4> 

cd  cd  c 
P  p  o 
td  c  a 

P<*H  6 

o.  n)  o 
<  B  o 


U 

o 

0) 

X  P 
cd  <u 
p 

td  . 
H  O 
p  0.P 
C  4) 
4)  •> 

EP  « 
D,4-c  p 
•h  cd  C 
3  4> 

o*  o  e 

4)  o. 

bO-H 
4)  C  3 
H  *H  CC 
a  TJ  4) 
(d  C 
£ldH 
O  H  4) 
<d  > 
Pd  id 
4)  C 
Q  cd  P 


Fig.  1.11.  Component  parts  of  useful  load  for  a  space  vehicle 


The  first  of  these  works  is  to  draw  up  an  ERE  composition 
diagram.  For  general  orientation,  Fig.  1.10  presents  a  composition 
diagram  of  a  hypothetical  piloted,  ‘■pace  vehicle  with  an  ERE, 
broken  down  into  its  main  parts;  Fig.  1.11  presents  the  component 
parts  of  useful  load,  and  Fig.  1.12  the  component  parts  of  the  control 
system  of  this  vehicle. 

In  the  development  of  an  ERE  b^sed  on  a  technical  task,  the 
composition  diagrams  must  comply  with  all  conditions  imposed  by 
the  buyer.  Therefore,  below,  in  Fig.  1.13-1-16  diagrams  are 
presented  which  characterize  the  composition  of  an  ERE  only  with 
respect  to  'the  large  systems  used  in  any  ERE.  For  example,  Fig.  1.16 
shows  a  more  detailed  breakdown  of  only  one  nuclear  electric  ERE 
with  a  turbogenerator  system  for  obtaining  electrical  power.  The 
composition  of  a  nuclear  electrical  system  and  other  ERE  systems 
depends  upon  a  hugh  number  of  possible  general  and  particular  solutions 
with,  respect  to  each  of  the  systems  used  in  the  ERE.  A  list  of 
aggregates  and  instruments,  presented  in  Fig.  1.16,  reflects  the 
approximate  nomenclature  of  aggregates,  instruments,  units, 
and  subsystems.  It  is  assumed  that  all  the  main  systems  and  their 
parts  are  created  on  the  principle  of  self-adaptation. 

i  i 

Composition  of  Ion  engine 

For  example,  let  us  examine  the  composition  diagram  of  an  ion 
engine  presented  in  Fig.  1.15.  From  the  diagram  it  is  apparent 
that  the  electrical  rocket  engine  includes: 

-  a  system  of0 converting  parameters  of  electrical  power  for 
the  electrical  rocket  engines; 

-  automatic  electrical  equipment,  circuit  breakers,  and 
emergency  electrical  power  release; 

-  cooling  system  for  electrical  t  >cket  engines; 

-  module  unit  of  electrical  rocket  engines; 

-  automatic  control  equipment  for  the  engine  unit; 

-  equipment  for  monitoring  and  maintaining  reliability; 

•  structural  parts:  power  frame,  attachment  devices,  electrical 
supply  line,  etc. 
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Pig.  1.12. 
system. 


Component  parts  of  space  vehicle  control 


Pig.  1.13.  Diagram  characterizing  component 
parts  of  nuclear  ERE. 
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Fig.  1.15.  Component  parts  of  an  electrical  rockets  engine. 


Nuclear  power  system 
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Fig.  1.16.  Example  of  a  diagram  characterizing  the  component  parts  of  a  nuclear  power  plant 


However,  this  list  can  be  changed  depending  upon:  the  engine1 a 
operating  principle  or  structural  decisions  made  with  respect  to 
any  part.  For  example,  if  the  electrical  power  plant  is  a  type  of 
reactor-transformer,  it  is  advisable  to  use  a  low-voltage  .plasma 
engine.  The  use  of  this  engine  is  more  expedient  if  the  electrical 
voltage  of  the  reactor-transformer  is  equal  to  the  working  voltage 
of  the  engine  and  it  is  installed  directly  on  the  switching  unit 
of  the  reactor-trans former.  Such  a. decision,  substantially  changes 
the  nomenclature  and  content  of  the  entire  ERE  composition  indicated 
in  Fig.  1.15,  while  the  ERE  itself  can  be  optimal  for  this  case 
both  with  respect  to  the  working  parameters  and  reliability.  Therefore, 
below  we  have  presented  only  the  overall  requirements  on  ERE 
reliability  and-  the  particular  case  examined  is  to  solve  the  problem 
of  electrical  rocket  engine  reliability  with  an  ion  engine. 

Engine  reliability  requirements 

The  engine  of  a  piloted  spacecraft  for  long-range  flights  must 
have  very'  high,  practical  100!?  reliability.  The  length  of  the 
operating  period  is  measured  in  years.  Electrical  rocket  engines 
in  general  and  ion  engines  in  particular  are  being  built  for  the 
first  time  a^d.,  therefore,  it  is  impossible  to  axpect  100$ 
reliability  for  an  ERE  with  only  one  engine.  The  tested  engineering 
approach  to  the  solution  of  such  a  problem  is  the  joint  use  of 
two  paths: 

-  the  creation,  of  a  highly  reliable  electrical  rocket  motor 
which  is  a  module  of  the  engine j 

-  the  :use  of  reserve  modules. 

In  the  case  of  an  ion  engine  the  module  system  is  obviously 
more  applicable.  It  is  a  unit  composed  of  modules  of  ion  motors, 
a  .complex  of  nece'ssary  equipment  and  devices,  also  with  corresponding 


Hi 


reserves . 


Prom  the  point  of  view  of  reliability,  the  engine  in  the  ERE 
system,  is  that  part  whose  breakdown  can  entail,  in  the  best  case, 
an  emergency  or  nonfulfillment  of  task,  and  in  the  worst,  a 
casastrophy  for  the  entire  space  vehicle.  Therefore,  the  engine 
must  provide  the  necessary  impulse  in  all  operating  modes,  including 
damage  of  certain  elements,  systems  or  motors. 

Diagram's  of  ERE  systems  must  exclude  the  possibility  of  the 
occurrence  of  operation  modes  which  are  not  permissible  in  safe 
flight  or  conditions  of  ERE  controlling  sections  where  failures 
occur  in  the  systems  themselves  or  any  part  of  the  ERE. 

Equipment  for  inspecting  and  maintaining  ERE  reliability 
must  switch  off,  in  a  timely  manner,  places  with  reduced  reliability, 
switch  on  reserves,  and  send  the  primary  commands  to  the  space 
vehicle  control  system  for  a  general  solution  to  the  question  of 
the  possibility  of  meeting  the  flight  program  or  correcting  it. 

Engineering  methodology  for  calculations  must  be  set  up 
in  the  planning  and  development  process. 

However.,  even  in  the  initial  stage  of  development  it  is  necessary 
to  solve  approximately  general  problems  of  evaluating  reliability 
of  modules,  systems,  the  main  parts  of  the  ERE,  and  also  the  entire 
ERE.  Let  us  consider  an  example. 

Example  1.1.  We-  shall  estimate  the  reliability  of  a  module 
of  a  ion  rocket  engine  for  the  initial  stage  of  its  experimental 
work.  We  shall  keep  in  mind  that  in  this  stage  there  is.  as  yet  no 
control  system  for  the  space  vehicle  (see  Pig.  1.12)  nor  a  part  of 
it  -  the  equipment  for  inspecting  and  maintaining  reliability  of 
the  ERE  (see  Fig.  1.1*1).  Unsolved  also  are  problems  of  self-adaptation 
and  as  yet  incompletely  researched  are  the  physical  processes  involved. 
No  evaluation  has  been  made  of  the  effect  of  external  factors  on  the 
operation  of  the  electrical  rocket  engine;  no  production  technology 
has  been  worked  out  and  new  structural  materials  have  not  been 
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Fig.  i ,il8.  ikagralm  of  ion  motor  moduie  with  ionization  of  working 
medium  on  heated  porous  surface:  >  X  -  working  medium  tanjc;  la  -  tank 
heater;  2  working  medium;  3  -  supplying  "wick"  '(porous  medium);  - 
vaporizer;  5  -  vaporizer  heater;  6  -  cutoff •  valve ;  7  -  steam  type;  i 
8  —  ion  emitter  heater;  9  -  porous  ion  emitter;  14  ~  intermediate 
grid  or  grid  system;.  15  -  accelerating  grid;  16  -  neutralizer  heater;  , 
>  17  -  neutralizer  (electron1 * * IV  source);  18  -  electrostatic,  shield;'  a-g  — 
'iplets  from  electric  power  supply  sources;  A  —  inlet  from  engine  ( 
automatic  system.  ’  ’ 

i  *  .  ■  1  i  ’ 

i  « 

,  For  Convenience'  the  common  elements  of  both  diagrams  are  , 
shown  on  the  figures  and  designated  identically,  while  the  diagrams  , 

i  i 

themselves,  are  divided^ into  four  systems  which  are  common, ‘to  them: 

1  i  i 

I 

'  I  -  a  supply  system  for  the  working  medium,  :  ‘  , 

II,-  ion  source,  >  *  •  ,  ,  , 

(  III  -  ion  optical  system,  “>  '  1  ‘  , 

IV  -  spa;:e  charge  neutralization  system.  • 
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Prom  the  design  and  operational  points  of  view,  these  two 
diagrams  differ  mainly  in  the  thermal  stress  of  the  maxn  elements. 

A  comparison  of  the  working  processes  for  these  diagrams  show 
that  the  ion  motor  with  a  three-dimensional  ion  ^source  can  be  made 
so  that  none  of  its  parts  will  be  heated  above  700°C.  At  the  same 
time  an  ion  motor  with  a  surface  ionizer,  all  other  things  being 
equal,  requires  the  ionizer  temperature  and  the  temperature  of 
elements  connected  with  it  to  be  approximately  1400°C.  Therefore, 
in  the  second  diagram  it  is  considerably  more  difficult  to  achieve 
a  high  level  of  reliability  than  it  is  in  the  first.  In  addition, 
the  first  type  of  motor  is  less  sensitive  to  contamination,  the 
quality  of  material  processing,  and  fabrication-  precision  for  a 
considerable  number  of  parts;  it  does  not  require  highly  oxidation- 
resistant  metals  :and  insulators-.  In  it  can  be  used  quite  a  variety 
of  working  media,  while  in  the  ion  motor  with  a  surface  ionizer 
virtually  only  cesium  and  rubidium  can  be  used.  Thus,  a  comparison 
of  module  diagrams  gives  the  designer  many  starting  points  for 
solving  reliability  problems. 

Structurally  it  is  advisable  to  build  an  ERE  with  an  ion  motor 
on  the  basis  of  modules.  For  the  -current  reliability  evaluations 
of  an  ion  motor  module,  in- -the  process  of  experimental  work,  we 
can.  use  the  assumption  made  in  calculating  reliability  that  the 
planned  module,  which  must  have  a  long  lifetime,  can  have  two  types  of 
failures: 

—  sudden  failures,  which  can  be  caused  by  the  effect  of  random 
factors  (in  the  presence  of  equipment  for  checking  and  maintaining 
reliability,  there  can  be  virtually  no  sudden  failures); 

-  gradual  failures,  which  are  due  to  irreversible  processes 
(material  aging,  electrode  erosion,  various  types  of  wear, 

Irremovable  contamination,  etc.).  In  this  case,  we  can  take  as  a 
reliability  criterion  probability  of  failure-free  work  of  the 

ion  motor  moduie  during  given  period  of  time  x.  In  other  words  PM(x) 


is  the  probability  that  the  average  time  before  breakdown  occurs 
(T)  will  be  greater  than  prescribed: 

/MT)-=.Bep(7>T).  (1.5) 

It  is  obvious  that  the  reliability  diagram  plotted  as  a  logical 
functional  diagram  of  module  system  connections  for  Figs.  1.17  and 
1.18'  is  a  series  of  the  above  four  systems.  The  compilation  of  a 
more  detailed  structural  diagram  is  necessary  and  possible  in  the 
development  of  the  module  and  its  systems. 

For  the  indicated  structural  diagram  of  the  module  the 
probability  of  stability  in  the  main  parameters  of  the  module 
during  tests  (current  reliability)  can  be  expressed  as  the  product: 

/v-n  p,=fip,p„PmP,v. 

;~1  /-I 

where  is  the  current  probability  of  successful  test  results, 
i.e.,  such  that  the  main  parameters  of  the  module  (and  similarly 
of  the  system)  do  not  go  beyond  the  permissible  limits  for  any 
reason. 

Taking  the  division  of  failures  into  sudden  and  gradual  and 
their  mutual  independence,  the  probability  of  breakdown-free 
operation  for  the  module 


/>„=n  (p,«pX 
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(1.7) 


where  P  and  are  the  .probability  of  breakdown-free  operation 
for  the  i-th  component  of  the  structural  diagram  defined  respectively 
according  to  sudden  and  gradual  failures;  k  is  the  number  of  the 
component  parts  of  structural  diagram. 
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As  the  number  or  tests  builds  up  and  the  operational  ability 
of  the  module  improves,  a  failure  distribution  law  is  distinguished; 
in  the  first  approximation  we  can  assume  it  is  exponential.  Then 
the  current  probability  of  the  N^-th  test  being  successful  is  written 
in  the  following  manner: 


PM=\~ae  —\—ank  - — 


(1.8) 


where  a  and  a  are  coefficientsdetermined  exponentially;  nk  is  the 
total  number  of  failures;  is  the  total  number  of  tests  examined. 

To  determine  coefficients  a  and  a  a  graph  of  the  accumulated 
failures  has  been  plotted.  Failures  lead  to  single  standardized 
test  conditions.  In  this  case,  failures  caused  by  random  factors 
(industrial  defects,  errors  in  the  bench  system,  rough  deviations 
in  tests  conditions,  etc.),  are  not  taken  into  account.  An  example 
of  such  a  graph  is  given  in  Fig.  1.19.  Bends  of  the  curve  at 
pounts  a-d  correspond  to  the  proper  solutions  made  in  the  process 
of  development,  which  lead  to  an  increase  in  the  number  of  failures. 
The  spot  where  the  curve  stops  climbing  corresponds  to  the  end  of 
the  finishing  tests;  the  module  of  the  ion  motor  is  brought  up  to 
a  given  requirement  of  failure-free  operation.  The  curve  in 
sections  is  approximated  by  an  exponent,  for  each  section  of  which 
the  value  of  coefficient  a  is  found. 


For  each  section,  coefficient 


Based  on  the  obtained  results  of  processing  experimental 
data,  a  graph  of  current  reliability  is  plotted  for  the  module  of 
the  ion  motor  or  its  systems  =  f(Ni). 
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Fig.  1.19.  Bar  graphs  of  accumulated 
failures.  Points  a-d  correspond  to 
the  acceptance  of  solutions  which 
improved  the  work  of  the  module;  point 
d  corresponds  to  the  end  of  finishing. 

KEY:  (1)  Quantity  of  accumulated 

failures,  n;  (2)  Total  number  of  tests 
examined,  N^. 


With  the  aim  of  rapidly  revealing  the  weakest  spots  in  the 
motor  during  experimental  processing,  it  is  advisable  to  plot  such 
curves  for  individual  units,  aggregates,  processes,  techniques, 
bench  test  conditions,  and  for  other  reasons  affecting  reliability 
in  the  module  development  process  as  shown  in  Fig.  1.20. 

Thus,  the  quantity  PH  characterizes  the  validity  of  the 
reference  data  at  the  1^-th  moment  of  testing.  At  the  end  of 
the  development  work,  when  failures  for  any  reasons  cease,  the 
module  achieves  the  full  required  reliability  P^. 

Using  the  graph  in  Fig.  1.20,  we  can,  in  certain  limits, 
predict  the  future  course  of  finishing  work  and,  if  necessary, 
pose  the  problems  of  the  necessity  for  accepting  specific  solutions 
capable  of  increasing  the  reliability  level. 
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current  reliability  for  ion  motor  systems 
and  module  (buildup  of  probability  for 
successful  N^-th  test  of  system  and  module): 

Pqm  ■  1  —  a  —  initial  reliability 

(probability);  PM  -  module  reliability 

achieved. 

1.5.  PROBLEMS  OF  ERE  STRESS  ANALYSIS 

Questions  of  ERE  strength  in  this  course  are  examined  with 
respect  to  the  preliminary  sketching  of  parts  and  structural  nodes. 

In  this  stage  of  planning  we  assume  that  a  node  in  the  first 
approach  is  made  up  of  components  and  its  main  dimensions  are 
selected.  We  also  assume  that  the  designer  has  selected  the  basic 
thicknesses  of  the  walls  of  the  parts  bearing  the  load;  the  basic 
loads  are  determined  for  critical  parts;  heat  flux  and  wall  temperature 
are  determined  for  heated  parts. 

A  check  of  the  correctness  of  the  selected  design  dimensions, 
in  the  first  approach,  and  a  check  of  the  strength  of  critical  parts 
of  a  node  in  the  preliminary  sketch  are  the  main  tasks  of  the  proposed 
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stress  analysis.  The  correctness  criterion  will  be  .the  amount 
of  strength  reserve  or  plasticity  of  the  part. 

At  this  stage  of  planning  stress  analysis  is  generally  conducted 
as  an  elastic  problem,  which  makes  it  possible  to  obtain  comparatively 
simple  relationships  which  are  also  convenient  to  use.  Such  a 
calculation  is  a  verification.  It  does  not  exclude  andj  in  some 
cases,  requires  a  more  detailed  calculation  •'using  special  methods 
which  we  shall  not  discuss  in  this  book  because  of  space  limitations. 

Strength  reserve.  Plasticity  reserve 

Stress  analysis  for  parts  consists  of  three  stages. 

First  stage  -  determining  forces  and  moments  acting  on  the 
part  and  its  unsafe  section. 

Second  stage  —  calculation  of  stresses  which  occur  in  the 
part  from  the  effect  of  forces  and  moments.  This  stage,  as  a  rule, 
is  the  most  difficult. 

Third  stage  -  comparison  of  stress  obtained  with  limiting 
stresses  of  the  stress-strain  diagram  for  the,  ^material  from  which 
the  part  is  made  or  with  stress  in  similar  designs  which  operate 
successfully. 

Let  us  clarify  the  terminology  which  we  shall  be  using  in  our 
study. 

The  strength  of  a  part  is  the  ability  of  the  part  to  resist 
the  loads  acting  on  it.  Strength  is  a  function  of  many  factors: 
temperature  and  length  of  operation,  the  character  of  stress  variation, 
the  shape  of  the  part,  its  dimensions,  surface  condition,  the 
design  of  junction  and  couplings,  the  orientation  of  the  fibers  of 
the  metal  and  its  structure,  etc.  The  proper  evaluation  of  the!  effect 
of  each  of  these  factors  on  strength  is  one  of  the  tasks  of 
calculation. 


50 


1 


Stress  is  the  intensity  of  the  internal  forces’  of  elasticity, 
corresponding  to  a  given  elementary  area  of  a  certain  cross  section. 

:  I  ! 

Stress  is  calculated  for  this  area  as  the  ratio  of  the  absolute 
value  of  force  to  the  size  of  the  area  on  which  it  acts,  i.e.,  * 
as  the  force  which  occurs  per  unit  of  area.  ( 

Normal  stress  a ^  is  that  component  of  stress  which  acts 
perpendicularly  to  the  area;  the  subscript  k  designates  the  direction 
of  normal  to  the  area.  For  example,  if  the  area  is  perpendicular 

i 

to  axis  x,  normal  stress  acting  on  this  area  is  designated  o  . 

*  ■  5 

Tangential  stress  is  the  component  of  stress  acting!  along  , 

the  area;  the  subscript  k  also  indicates  the  direction  of  normal  to 

th®  area,  while  the  subscript  i  is  'the  direction  of  t;.e  vector  of 

2  2  *  ’ 

tangential  stress;  the  dimension  of  stress  N/m  (or  kg/cm  ). 

Under  the  effect  of  external  forces  and  stress  which  occur,  1 
the  dimensions  of  the  part  change  somewhat;  it  is  deformed.  . 

Deformation  is  the  change  in  linear  or'  angular  dimensions  of( 
a  part;  usually  these  changes  are  very  insignificant  as  compared 
with  the  part's  dimensions. 

s  . 

Absolute  elongation,  i.e.,  change  in  the  linear  .dimensions  Z 
is  designated  AZ^.  It  is  positive  during  extension  and  negative  i 
during  compression. 

!  : 

Relative  elongation  ek  is  the  r^atio:  *  AZ^/Z;  the  subscript  ( 

k  indicates  in  what  direction  elongation  is1  occurring.  •’ 

i 

Relative  shear  y  is  the  angle  by  which  the  original  right  angle 

*  i 

between  two  selected  directions  in  the  part  changes  during  its 
deformation.  If  these  mutually  perpendicular  directions  are 
designated  x  and  y,  relative  shear  y  is  given  the  subscript  xy. 
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ThO  mechanical  properties  of  the  material  under  static  loading 

i  |  •  • 

are 'Characterized  by  a  ;  stress-strain  diagram  which  represents  the 

relationship  between  the  conditional  normal  stresses  a  and  the 

! 

relative  elongations  e.  s 

The  arbitrariness  of  normal  stresses  a  and  the  relative 

elongation  e  which  corresponds  to  them  ales  in  the  fact  that  stresses 
"  1  ! 

O'  pertain  to  :the  original  area  of  sample  cross 1  section  while 
elongation  e  pertains  to  its  original  length; 

i 

In  the  range  of  low  telastic  at?d  elasto-plastic  deformations, 

arbitrary  stresses  and  elongations  differ  little  fror;  true  ones 

calculated  with  the  .contraption  of  the  sample  cross  section  during 

its  testing  taken  account,  and  for  .ordinary  engineering  calculations 

are  'used  as  reference  values,  • 

!  •  t 

One  of  the  peculiarities  of  the  deformation  diagram  examined 
is  the  standard  method  of  obtaining  it.  The  diagram  is  determined 
experimentally  on  standard  machines  in  'a  comparatively  short  period 
of  tlpie'(less  than  two  minutes).  The  standardness  of  the  method 
of  .finding  the  deformation  diagram  is -an  obligatory  condition  in 
determining  the  properties  of  the  material ;  'otherwise  it  would  be 

impossible  to  use, these  results,  ,  ; 

I  !  • 

.  .  .  ■  i 

:  ,A  typical  arbitrary  deformation  diagram  is  presented  in  Fig.  1.21a. 

i  f 

The  deformation  process  can  be  illustrated  also  by  a  simplified 
stress-strain  diagram  consisting  of  two  straight  lines  (Fig.  1.21b). 
i  s 

♦  I  *  * 

f  On  the  'deformation  diagram  characteristic  points  y,  .T,  and  b 
are  determined,  each(  of  which  correspond  to  a  certain  limiting 
stress.  ( 

i  , 

.  •  '  *  i 

,  The  plastic  limit  oy  =  is  that  stress  at  .which  the  first 

sign  of  plastic  de'formation  appear.  TJiis  limit  is  defined  as  the 
stress  responsible  for  a  given  small  permanent  set.  Usually  the 
residual  relative  elongation  e  =  D.C02-0. 00555.  Plastic  limit  is  a 


i 


strength  criterion  only  when  even  small  residual  deformation  can  not 
be  permitted  during  operation. 

The  modulus  of  elasticity  E  is  the  coefficient  of  stress  and 
strain  proportionality  in  the  limits  of  elasticity: 

«=£e, 

where 


b) 

Fig.  1.21.  Material  deformation  diagram: 
a)  typical  arbitrary  diagrams;  b)  simplified 
diagrams . 


yield'  limit  °T  *  °0  2  is  tiie  stress  which  corresponds  to  the 
appearance  of  permanent  sets  of  a  certain  magnitude.  Usually  yield 
limit  is  defined  as  the  stress  at  which  residual  relative  elongation 
e  =  0.2%  occurs.  Yield  limit  is  widely  used  in  calculations  as  a 
characteristic  of  the  material's  resistance  to  static  loads  when  the 
operating  capability  of  the  part  or  design  element  is  determined  by 
its  deforming  , properties ,  for  example,  when  rotating  parts  interfer 
with  nonrotating  parts  or  when  the  elongation  of  an  element  leads  to 
the  overlapping  of  important  ducts  for  passage  of  the  working  medium. 

Beyond  the  plastic  limit  is  the  hardening  modulus  D,  which 
characterizes  the  resistance  of  the  material  to  small  elastic- 
plastic  deformations: 

c=De, 

where 

D=tgp  =  </<j/rf«. 

The  substantial  difference  between  D  and  E  is  the  fact  that  the 
quantity  D  is  a  variable .  In  approximate  calculations  it  is 
frequently  assumed  to  be  constant. 

The  hardening  modulus  D  with  an  increase  in  stresses  from  a 

V 

to  ot  can  be  decreased  by  a  factor  of  100  and  more. 

The  strength  limit  or  tensile  strength  of  the  material  o(j  is 
the  arbitrary  stress  corresponding  to  maximum  load  during  extension 
or  compression  tests  on  the  sample. 

For  most  structural  materials  tensile  strength  is  the  main 
strength  characteristic  of  metal  during  static  loading,  the  quantity 
determining  strength  reserve  of  the  structure. 
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Strength  reserve  is  the  ratio  of  the  strength  limit  of  the 
material  to  the  maximum  stress  rising  in  the  material  of  a  part 
When  it  is  in  operation: 

n=-Z±~.  (1.10) 

“max 

Plasticity  reserve  can  be  determined  from  formula 


or 


(1.11) 


if  the  stresses  are  expressed  in  loads.  This  calculation  is  called 
the  limiting  load  calculation. 

The  conditions  for  the  operating  capability  of  a  part  are 
n  >  1}  nQ;2  >  1. 


As  seen  from  the  formulas,  a  substantial  factor  determining 

strength  reserve  is  the  quality  of  the.  material.  Obviously,  the  higher 

o_,  the  higher  the  strength  reserve  will  be  and  the  easier,  all 
□ 

other  things  being  equal,  it  will  be  to  make  a  part  or  structural 
element  from  it  with  the  required  properties. 


What  requirement  should  be  imposed  on  materials  to  ensure 
high  structural  strength  reserve  with  the  least  weight?  The  following 
requirements  are  imposed  on  structural  materials  used  in  extraterres¬ 
trial  -electrical  rocket  engines  and,  particular,  in  reactor  units: 


-  high  strength  (strength  limit  must  be  the  highest  possible); 

-  high-temperature  strength: 

-  oxidation  resistance  —  high  resistance  to  interaction  with 
air  and  other  gases  at  high  temperatures; 

-  good  weldability; 

-  small  cross  sections  for  capture  (absorption)  (of  neutrons; 
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-  capable  of  resistance  to  neutron  fluxes  without,  substantial 
change  in  deformation  diagrams; 

compatibility  with  corrosive  working  media;. 

—  low  evaporation  rate  in  the  vacuum  of  space. 

How  do  the  materials  actually  behave? 

The  strength  limit  of  structural  materials  rapidly  drops  with 
an  increase  in  temperature  and  length  of  or  ration  (Fig.  1.22a)  and 
scarcely  changes  from  the  irradiation  of  neutron  fluxes.  Viscosity 
of  the  material  is  reduced  and  the  cold  brittleness  threshold  rises. 
In.  the  deformation  pattern,  as  it  were,  the  scale  is  reduced  along 
the  axis  of  the  abscissas  (Fig.  1.22b).  Therefore ,  the  calculation 
of  strength  reserve  for  structural  .materials  in  neutron  -fluxes, 
differs  little  from  ordinary  calcinations.  Plasticity  reserve, 
however,  should  be  determined  while  taking  the  distortion  of  the 
deformation  diagram  into  account . 

The  selection  of  structural  materials  depends  upon  the  working 
medium  and  its  compatibility  with  certain  materials. 


Fig.  1.22.  Variation  in  material  strength 
limit:  a)  as  a  function  of  time  and  tempera¬ 
tures;  b)  as  a  function  of  irradiation  by 
neutrons . 
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We  know  that  ’iquid  metals ,.  widely  used  in  power  plants,  are  _  .  _ 

corrosive  media.  Tn  . ctiveiy  affect  structural  materials,  destroying 

.  s 

them.  Noncorroding  chromium-nickel  alloys,  unde'r  conditioris  of 

compatibility,  can  be  used  at  temperatures  up  to  800°C  with  all  1 

liquid  metals  except  lithium.  At  higher  temperatures  of  liquid 

v  *  ,  , 
metals,  including  lithium,  the  use  of,  niobium'  ancl  mo'lybdehum  i^, 

required. 

!  i 

All  structural  materials  sublimate  and  evaporate  in  space  and 
do  so  more  Intensely  the  higher  their  surface  temperature.  Figure  (!  , 
1.23  shows  that  at  temperatures 'above  ^000°C  the  evaporation  rate 
of  carbon  and  chromium-nickel  alloys  reaches  spveral  millime.teiis  a 

.  *  I 

year.  In-  evaluating  the  strength-  of  thin-walled  structures,  we  must 
keep  in  mind  their  thinning  due  to  sublimation.  These  properties  of 
materials  make  it  possible  to  refine  the  Cormulab  (1.10)  and  (1.11). 

If  material  tests  are  carried  out  on  !a  standard  machine  (i.e.,  ' 

test  time  is  not  long)-,  the  formula  of  strength,  and'  plasticity 
reserve  will  be:  ’  :  . ' 


'max 


*0,2  ^ 


.  -0.2. 


'max 


(d.12) 


where  the  subscript  t  indicates  the  temperature  of  the  material 
during  the  tests.  ‘  , 1  , 

» l  , 

1  i 

With  these  formulas  we  can  design  parts  for  short-life  engines,.! 
If  the  parts  operate  for  a  long  time,  we  should  use  a  resqrve  -of 
stress-rupture  strength  and  creep. 

t  1 

t  i 

Stress-rupture  strength  reserve.  Creep  , 


Elasticity  theory  considers  the  stress  and  strain -state  of  a  ' 
part  as  a  linear1  relationship  between  stresses  and  strains.,  With  , 
short  test  duration,  ,'.ow  levels  of  temperature,  and  .stresses ,  thfe 
application  of  formulas  of  the  theory  of  elasticity  and, triermoelasticity 
to  actual  bodies  and  designs  composed  of  the,?;e  bodies,  does  not  result 


57 


I 


t 


f 


l 


I 


in  significant  error’s,  which  is  usually  substantiated  by  experiments'. 

f  i  \  1  *  * 

Such  calculation  is  also  advisable  in  the  stage  of  preliminary 

i 

sketching  for, the  fi^st  evaluation  of  the  stressed  and  strained  state 
of  a  part  and-  to  enable  the  proper  choice  of  its  main  dimensions: 

i  J  '  . 


KEY:  (a)  Berii-lium,  (b)  Copper,  (c)  Iron, 
(d‘) Chromium,  ,(e)  Titanium,  (f)  Nickels,  (g) 
(  Molybdenum.  <  *  _ 1 

Designation:  MM/ta,d  =  mm/yr. 
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However,  when  the  operating  time  is  increased,  as  well  as  the 
temperature  level  and  stresses,  the  difference  in  the  behavior  of 
idealy  elastic  bodies  and  the  actual  body  becomes  greater  and  greater 
and  more  or  less  significant  corrections  must  be  introduced  into  the 
calculations,  taking  into  account  the  characteristics  of  the  behavior 
of  the'  actual  materials  under  working  condition. 

It  is  necessary  to  calculate  parts  in  the  stage  of  creep  and 
stress  relaxation,  in  three  cases. 

1)  For-  parts  operating  a  long  time  at  high  temperatures,  the 
change  in  geometric  dimensions  must  be  strictly  monitored  due  to  the 
effect  of  these  dimensions  on,  the  working  process  of  the  engine, 
its  efficiency,  or  parameters5  For  example,  impairment  of  cooling 
in  nozzles  of  the  engines  because  of  a  decrease  in  the  flow-through 
sections  for  the  coolant. 

2)  For  parts  operating  a  long  time  at  high  temperatures  with 
large  stress  gradients  due  to  thermal  or  external  loading.  Stress 
relaxation  substantially  levels  off  the  nonuniformities  of  stress 
in  the  part,  as  a  result  of  which  structural  relief  is  manifest. 

3)  For  parts  operating  in  compression.  Compression-  stresses 
arising  in  structural  elements  which  are  safe  when  calculating 

‘elasticity  can  become  dangerous  with  plastic  deformations  during 
long  operation  and  lead  to  loss  of  structural  stability. 

As  we  know,  there  are  two  concepts  concerning  nonelastic  behavior 
of  materials:  plasticity  and  creep.  The  difference  in  these  two 
similar  concepts  lies  in  the  fact  that  plastic  deformation  weakly 
or  scarcely  depends  on  time,  while  creep  deformation  develops  with 
time.  Thus,  creep  can  be  defined  as  the  state  of  a  material  at  which 
with  constant  stresses  in  the  part  deformation  develops  depending  upon 
its  operating  time.  Time  is  one  of  the  main  characteristics  of  creep, 
in  the  presence  of  creep  there  occurs  a  redistribution  of  stresses 
which  changes  yfith  time. 


As  indicated  above,  the  operational  capability  of  material 
is  determined  by  the  deformation  diagram.  The  deformation  diagram 
of  a  material  is  experimentally  determined  on  standard  machines 
in  a  comparatively  short  period  of  time  —  less  than  2  min  (curve  0 
in  Pig.  1.2k), 


Fig.  1.2k.  Diagram  of  material  deformation 
versus  length  of  testing. 


However,  it  has  long  been  noted  that  a  deformation  diagram  is 
substantially  distorted  if  testing  time  changes.  If  testing  time 
is  reduced,  line  o  =  f(e)  moves  to  a  higher  level.  The  limiting 
values  of  stress  oQ  Q02,  oQ  2,  o  are  high-  (curve  1  on  Pig.  1^2*0 
as  compared  with  the  standard  deformation  curve  (curve  0  on  the  same 
figure) . 

The  strain  diagram  is  even  more  distorted  if  the  testing 
time  is  increased  (curve  2)  as  compared  with  standard.  Distortion 
proceeds  toward  a  decrease  in  maximum  stresses  ort  a  and 

toward  an  increase  in  the  section  of  the  diagram  from  plasticity 
limit  oQ  2  (point  T  on  the  diagram)  to  point  oq  -  the  point  of  sample 
fracture.  This  effect  is  intensified  if  the  sample  is  subjected  to 
additional  heating. 
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Plastic  deformations  in  the  latter  case  can>  achieve  such 
significant  values  that  we  can  not  disregard  them  where  it  is 
important  to  conserve  the  geometric  dimensions  of  an  item. 

To  evaluate  the  supporting  power  of  material  operating  for  a 
long  time  under  elevated  temperatures,  it  would  be  best  to  take 
the  deformation  diagram  of  this  material  under  conditions  of  actual 
operating  time  and  temperature.  However,  machines  for  experiments 
under  such  conditions  would  have  to  be  built.  The  conditions  themseive 
cannot  be  a  limitless  quantity;  some  tests  cannot  be  set  up  at  all. 
Therefore,  tests  are  carried  out  on  the  simplest  machines.  Constant 
pull  P  is  applied  to  a  sample  and  elongation  and  rupture  stress  arr 
measured  as  a  function  of  time  and  temperature.  As  a  result  of  such 
tests,  we  can  plot  curves  o  =  f(t)  at  t  =  const  or  o  =  f(t)  at  r  = 

=  const  (Pig.  125a,  b). 


Pig.  I.25.  Typical  creep  diagram. 


However,  it  is  best  to  obtain  the  function  e  -  f(-r),  which  we 
call  the  creep  curve  (Pig.  1.25c). 

If  stresses  are  low  and  the  time  for  taking  the  deformation 
diagram  is  short,  relative  elongation  of  a  rod  will  be  determined 
from  formula  e  =  a/ E  =  P/EP. 


According  to  this  formula,  at  constant  suress,  elongation 
maintains  a  constant  value  and  does  not  depend  on  time.  (At  low 
temperatures  and  stresses,  change  in  e  will  be  slow  and  small  and 
can  be  disregarded. )  In  Fig.  1.25c  this  stress  corresponds  to  point 


At  high  temperatui’es  and  stresses,  the  rise  in  e  vjill  be 
significant ;  it  will  substantially  depend  upon  time  (Fig.  1.25c). 

On  this  curve  we  can  distinguish  three  stages  of  creep  (I,  II,  and  III). 
Stage  I  is  characterized  by  a  variable  growth  rate  in  creep  flow 
e  -  de/dt.  At  the  beginning  of  the  stage  the  growth  rate  is  not 
high;  then  it  drops  to  a  minimum  value,  remaining  approximately 
constant  in  the  II  stage. 

The  area  of  creep  I  with  decreasing  rate  is  called  unstable 
creep.  This  stage  is  usually  brief,  although,  In  certain  cases, 
it  can  reach  several  tens  of  hours.  This  area  of' creep  is  manifested 
in  calculations  for  parts  of  short-life  rocket  engines.  In  designing 
parts  for  long-life  rocket  engines  it  can  be  disregarded. 

The  area  of  creep  II,  characterizing  constant  deformation 
rate  is  called  steady  creep.  Depending  upon  temperature  and  stress 
level,  it  can  last  from  tens  of  minutes  to  many  hundreds  of  hours. 

In  materials  for  extraterrestrial  electrical  rocket  engines  this 
zone  can  reach  10,000  and  more  hours.  It  is  fundamental  in  analyzing 
parts  for  creep. 

The  third,  brief  stage  of  creep  is  characterized  by  the  formation 
of  a  neck  in  the  sample  and  fracture.  The  sharp  increase  in  c  at 
the  end  of  stage  III  is  explained  by  the  increase  in  sample  stress. 

It  is  difficult  to  keep  stress  ’onstant  In  an  ordinary  experimental 
machine.  If  we  create  such  conditions,  then  creep  stage  III  becomes 
less  pronounced  (dashes  on  Fi'j.  1.25c)  and  also  terminates  in  the 
fracture  of  the  sample  at  point  p.  Time  ip  characterizes  the  full 
operating  time  of  the  material  up  to  its  fracture. 
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Let  us  examine  the  basic;  design  relationships  under  creep 
and  subsequent  rupture. 

Any  material  having  the  property  of  elasticity  and  creep 
can,  in  the  first  approach,  be  represented  in  the  form  of  the 
elementary  model  shown  in  Pig.  i.26.  The  model  consists  of  two 
different  types  of  parts  connected  in  series  -  an  elastic  element 
having  rigidity  C  and  at  cylinder  filled  with  a  viscous  liquid  which 
can  overflow  .through  small  holes  in  a  piston.  Resistance  to  the 
piston  displacement  is  proportional  to  the  speed  of  its  displacement 
and  the  coefficient  of  viscous  friction  u  of  the  liquid. 


Pig.  1.26fi  Model  of  elastic  viscous 
body . 


The  displacement  of  point  A  of  the  element  can  be  made  up  of 
the  displacements  of  the  elastic  (subscript  "1")  and  viscous  parts 
of  the  element  (subscript  "2").  For  the  elas'tl.:  part  of  the  .'.lemon 

P=r-Cx};  xt  =: ~ ;  d-i-V 

(the  derivative  of  the  time  function  is  designated  by  the  dot). 

For  the  viscous  part  of  the  element 


6.i 


V. 


(i.l'O 


Total  deflection  and  total  displacement  rate  of  point  A  will 
be 


xA~x\r 


or 


or 


(1.15) 


It  is  easy  to  see  that  formulas  (1.15)  describe  qualitatively, 
rather  well,  the  behavior  of  a  linear  elastic  plastic  body.  Actually, 
if  time  r  is  brief,  i.e.,  t  +  0,  deformation  of  the  element  is 
determined  only  by  the  first  term  after  the  equal  sign  in  the 
expression  (1.15).  At  high  values  of  t  plastic  flow  increases  with 
constant  elastic  deformation.  The  deformation  rate  of  point  A  is 
determined  only  by  the  viscosity  of  the  body-  since  with  a  constant 
value  for  force  P  the  derivative  of  this  quantity  is  zero. 


A  large  number  of  materials  possess  viscosity .  For  them  the 
deformation  change  rate  with  uniaxial  deformation-  will  be  determined 
from  formulas  similar  to  (1.15): 


where  E  and  «  are  constants  of  the  material. 


A  somewhat  different  relationship  gives  better  agreement  with 
experiment  for  metals: 


where  X  is  the  constant  of  the  metal.  If  we  assume  1/Xn  =  B,  we 
finally  obtain 


6-’J 


e  = 


(1.16) 


The  constants  B  and  n  are  determined  in  processing  the  experimental 
creep  curve.  For  example,  on  Fig.  1.27a  the  dependence  o'f  creep 
deformation  e  on  time  and  stress  is  shown  for  steel.'  The  section  of 
unsteady  creep  is  disregarded.  1  •  1 


Fig.  1.27.  Determining  constants  of  the  creep  curtfe. 

Steel  content:  C  =  0. 31;  Mn  =  0.5^;  Ni  =  2.05;  Cr,= 

=  0.83.  , 

Designations  :  Mh/m2  =  MN/m2;  vac  *  h;  dan/ cm 2  =  daN/cm2. 

i 

i 

i 

From  these  curves  we  determine  the  rates  corresponding  to 

•  • 

steady  creep  e  =  £min  '  (.the  subscript  "min"  will  be  dropped  in  the 
future).  The  value  of  creep  rate -is  presented  in  Table  lJl.  We  map 
these  points  on  a  logarithmic  grid  (Fig.  1.27b')  and  draw  a  straight 
line  so  that  it  occupies,  as  nearly  as  possible,  the  "average" 
position  between  them.  Since  relationship  (1.16)  for  steady  creep  ! 
has  the  form  . 

i 

i 

i 

e  =  £crw,  (  (l.l?) 

.  i  .  ■  ! 

the  tangent  of  the  slope  angle  of  a  straight  line  In  e  =  In  B  +  ;n  In  a 
agrees  with  index  n;  from  Fig,  1.27b  we  find  n  =  2.3.  Afte^  this, 
from  the  points  of  the  straight  line  we  find  B. ;  The  values  of 
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H  and  3,  ev$n  for  singlertype  metals,  vary  v/ithin  a  wide  range, 
Table  iL.  5- presents  some < values  of  these  quantities  for  various 

i  1  -  . 

steels,. 


Table  l.fl. 

.  -  , 

Stress  o  MN/m  ^  y 

Creep  rate  e-10.  1/h  i  *1.77 


89.9 

li  i  ;l 

•  M1.0  ' 

j  '1.77 

1 .215 

2.-55 

Table  1.5.  * 

(1)  (2)  , 


(1)  (2) 


.W;ipK<i 

CTd/III 

Tejinepn- 
rvpa,  ,JC 

n 

!  ‘ 

B(danj  Alapua 

lc.\t?jn-wc  CTa.HI 

Te.Mnepa- 
Typa,  °C 

n 

B  (danl 
.  {cM-f-nac 

20 

500 

6.1 

2,3- 10-2-1  jKhlSNyT 

650 

5,9 

1,34-10-22 

05 

O 

o 

6.9 

1,58-10-ao  Khl3Nl6l 

700 

5,0 

6,9-10-20 

12G2A 

•154 

4,4 

•1,6-10-23  piNVM12 

500 

7,76 

12KhMF 

(500 

12,7 

3,3-  10-w  , 

coo 

ID, 3 

1 

, 

i  *  • 

*  I 

700 

5.21 

ifEY: 

(1)  Brand  of 

steel;  (2)  Tempera 

tu°e,  °C 

Designation : 

(dan  -vaci  =  (daH/cni‘")n -h 

Constant  B  in  equation  (1.17)  ds  sometimes  called  the  Daily 
constant.  For  the  best  approximate  description  of  tVie  creep 

f  I  i  I 

processes  under  slow  and  monotonically  changing  stress,  L.  M.  Kachanov 
[21]  has  .proposed  tihat  we  consider  coefficient  B  a  function  of  time. 

In  accordance  with  this,  equation  (1.16)  is  rewritten  as 

i  ' 

:  l 


■f  A(T) 


(1.18) 


Equation  (1 .18)  is  called  the  basic  equation  of  flow  theory, 

« 

i  i 


i  i 

i 
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Along  with  equation  (1.18)  we  use  equation 

s=— +  ii(T)3*.  (1.19) 

E 

where 

<>  (t)  - j  ft  (x)  f/T  (1.20) 

0 

and,  consequently, 

B( t)=^L  .  (1.21) 

Sometimes  for  a  comparative  evaluation  of  the  resistance  of  a 
given  material  to  creep,  the  so-called  creep  limit  is  introduced. 

By  creep  limit  we  mean  the  stress  at  which  in  a  given  period  of 
time  x  a  given  creep  flow  e  is  achieved. 

For  extraterrestrial  electric  rocket  engines  this  time  reaches 
4000-10,000  h.  Elongation  e  =  1-2*. 

The  value  of  creep  limit  is  established  by  processing  a  set 
of  creep  curves  (Fig.  128a).  Assuming  the  quantities- -n  and  B 
are  known  in  equation  e  =  Ban  and  substituting  them  into  relationship 

s=J  Bon(fx, 

o 

we  find  for  a  given  e  (for  example,  e  *  1*)  time  x  at  which  with  a 
given  stress  this  deformation  is  achieved,  i.e.,  we  examine  the 
relationship 


or  on  = 


f 


i 


67 


or  after  taking  the  logarithm 


n  \ga  =  \gA— lgt. 


(1.22) 


£°fi 


Pig.  1.28.  Determining  creep  limit  and  stress- 
rupture  strength. 

2  2 

Designation:  vac  =  h;  h/m  =  N/m  . 


The  form  of  this  dependence  is  shown  in  Pig.  I  .,28b  where  the 

4* 

creep  limit  is  designated  a  (e  indicates  deformation  in  %,  t 
test  time,  t  test  temperature). 


Reserve  of  stress-rupture  strength  in 
materi al 


As  mentioned,  the  strength  limit  of  materials  substantially 
depends  upon  operation  time  and  temperature. 
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-  If'  testing  continues,  as  shown  in  Pig.  1.25o,  creep  stage  III 
end?  in  material  rupture.  , Stress  at  which  rupture  occurs  will 
depend  upon  the  material,  the  testing  time,  and  the  temperature,. 
Limiting- value  of  stress  at  which  sample  rupture  appears  in  a 
set  period'  of  time  is  called  the  stress-rupture  strength  of  the 
material  and  is  designated  by  a ^  or  o^  ,  (the  subscript  t  indicates 

the  operating  time  before  rupture).  This  time  is  usually  100,  1000, 
5G00',  10,000  h  and  is  determined  by  both  the  design  operating  time 
and  the  capabilities  of  the  test  machine  on  which  these  values  are 
achieved.  The  superscript  t  indicates  the  sample  testing  temperature 
since  it  is  the  second  factor,  after  operating,,  time,  which  determines 
the  value  of  the  strength  limit  of  a  given  material. 

'%  * 

In  many  cases  of  stress  analysis,  just  ass  the  strength  limit 
a  of  a  standard  strain  diagram,  the  stress-rupture  strength  is  a 

B  to 

-  criterion  .for  the  operational  capability  of  a  design.  The  principal 
difference  between  stressrrupture  strength  and  strength  limit  a 

B, 

■ *  lies  in  its  dependence  on  operating,  time .  In  the  same  way  as  graph 

/) a_  f  (t)  is  plotted  in  determining,  creep  limit,  so  graph 

'  *  E 

-  is  plotted  in  determining  stress-rupture  strength  as  a  function 

of  material  operating  time.  Figure  1.28c  shews  a  typical  stress- 
rupture  strength  curve. 

The  supply  of  stress-rupture  strength  is  determined  similarly 
to  the  supply  with  short-term  loading: 


(1.23) 


where  <?•  „  is  the  maximum  stress  in  a  part  or  the  maximum,  intensity 
of  stresses  under  a  complex  stressed  state  (see  below).  Since  in 
logarithmic  coordinates  the  graph  showing  the  dependence  of  stress- 
rupture  streng  h  on  time  is  linear,  the  dependence  of  time  before 
-rupture  on  stress-rupture  strength  .is  exponential: 
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j—Ao~m. 


(1.24) 


This  relationship  serves  for  finding  the  coefficient  of  operating 
time  reserve. 

The  coefficient  of  time  reserve  n-.  is  the  ratio  of  sample 

1  •  C 

rupture  time  to  material  operating  time  for  a  part: 


t 


(superscript  t  and  subscript  a  indicate  temperature  and  stress  of 
test).  This  expression  is  used  to  find  the  operating  time  reserve 
of  an  item. 

The  exponential  dependence  (1.22)  of  stress-rupture  strength 
on  material  operating  time  makes  it  possible  to  evaluate  strength 
limit  in  a  wide  range  of  material  operating  time.  However,  the 
interpolation  method  examined  below  should  be  used  with  caution 
only  for  a  first  rough  estimate  of  strength  limit  in  the  absence 
of  other  more  reliable  data. 

We  shall  assume  that  we  have  diagram  cr  =  f ( x,  t)  and  diagram 
of  maximum  states  a  -  f(e,  t,  t);.  The  shape  of  these  diagrams 
is  shown  in  Pig.  1.29b  and  a. 


Fig.  1.29.  Diagram  of  strength  limit:  a)  a  = 
f(e,  t,  t)(;  b)  aQ  -=  f(t,  x) . 

2  2 

Designations:  dan/MM  =  daN/mm  ;  vac  =  h. 
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Based  on  the  known  deformation  diagram  of  tne  material  i>:ith  ‘ 
short-term  testing  (Pig.  1.29a)  and  the  known  dependence  of  stress- 
rupture  strength  for  any  temperature  (Pig.  1.2?9b  -  solid  line),  the 
curves  of  strength  limit  are  'interpolated.  ’  1 

.  "  ! 

Line  t  =  700°C  is  extended  to  t  >,  10,000  !h.  Line  t°  *  900°C  is  ! 
drawn  wholly  based  on  one  point  A,  taken  from  Pig.  1.20a.  'Such  a 
plotting  is  not  complex  since-  curve  aQ  =  f(x)  in  a  logarithmic 
grid  is  illustrated  by  a  straight  line.  1 

In  limiting  load  calculations,  we  can  encounter  another  casd; 
we  have  a  stress-rupture  strength  diagram  -  in  Fig.!  1.30a  it  is 

'  i 

presented  in  the  form  <j  *  f(t)  —.-and  a;  deformation  diagram  in  the  . 

n  1  * 

form  of  a  =  f(x)  (Fig.  130b)  for  the  usual,  testing  time,  for  example, 
t  =  5  h  (curves  are  indicated  by  solid  lines).  ,  It  is  necessary  to 
find  the  deformation  diagram  for  another  operating  time.  In  the  , 
approximate  calculation  we  use  a  method  of  completing  the  diagram 
in  Pig.  1.30b.  Foi,  example,  if  there  is  a:  diagram  of  the  type  shown 
in  Fig.  i-,  30a  for  a  long  operating  time,  for  example,  t  «  1000  h, 
and  there  is  a  deformation  diagram  of  the  type  shown  in  Fig.  1.30b 
for  a  brief  operating  time,  for -example  x  =  5!h,  then,  by-  drawing  ! 
on  the  diagram  in  Pig.  1.30b  the  point  of  long  operation  for  the 
corre.ponding  temperature  (for  example.,  point- B  at  t_=  800°C),  we 
plot  all  the  missing  branches  of  the  diagram,  proportionally  varying 
the  distance  between  branches  for  other  temperatures.  The  obtained  i 
network  of  curves  (illustrated  by  dashes)  can  be  used  for  the  approxi¬ 
mate  calculation  of  plasticity  reserve  during  long  operation  of  a 
material. 

l 

Intensity  of  stresses  i  , 

When  a  part  is  in  *  uniaxial  stressed  s.tate,  in  the  denominator 
of  formula  (1.23)  is  the  maximum  value  of  stress  and  the  andwer,  '• 
if  og  is  known,  is  obtained  immediately  since  the  deformation  diagrams 
of  the  material  are  obtained  on  samples  subjected  to  uniaxial  load. 
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However,  can  stress,  in  the  direction  of 1  any  axis  in  a  complexly 
stressed  element  be  compared  Kith  that'  obtained  according  to-  the 
usual  deformation  diagram?  Obviously,  this  can  not  be  d'one.  The 
effect  of  stress  in  a  perpendicular  direction,  strongly  distorts  the 

I  I  *- 

supporting  power1  of '.the  element.  This  is  easily  established  in 
Pig.  1.31a.  For  a  uniaxial  state  a  =  Ee  !,  or’e  =  a  / E,  ‘while  in 

,  A  *  A  A  i  A  j 

a  biaxial  state  ’  ;  .  .  > 

1  ■ 

I  ! 

.  1  .  *  .  I  ) 

£.r  =  -— 

’  «  I  ' 

I 

!  Obviously  we  can  plot  the  deformation  diagram  while  stretching 
a  sample  in  two  mutually  perpendicular  directions  (P,ig.  131b).  : 
However,  this  is  not  siriple  since  the  rat:io  of  stresses  o  and  a 

I  ’  j  !  Ay 

can  be  very*  different  and,  in  p^\inciple,  infinitely  large.  , 


i  Its  is  also  important  to  ,use  material  accumulated  in  experiments 

•  > 

in  'a  uniaxial  state(  for  new  tasks  and  not  to  dp  all  the  experimental, 
work. again.  , 
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Pig.  1.31.,  Uniaxial  (a)  and 
two-dimensional  (b)  stressed 
state  of  a  sample. 


Strict  analysis  indicates  that  the  diagram  of  deformation 
for  a  sample  in  a  uniaxial  stressed-  state,  according  to  law  a  *  Ee 
can  be  used  for  determining  the  supporting  power  of  an  element  in 
a  two-dimensionai  or  three-dimensional  stressed  state  if,  .instead 
of  a  and  e  or  a  and  e  ,  we  compare  generalized  or  equivalent 

A  A  .  j  j 

stress  c^,  which  is  called  intensity  of  stresses,  and  generalized  or 
equivalent  deformations  obtained  in  accordance  with  one  of  the 
theories  of  material  strengths.  Then  the  basic  relationship  between 
stress,  and  deformation  will  have  the  form 

Oi—Eti,  (1.26) 


where 


3/  f  x'  3l/)*  ej — ?(£.r»  *y)» 

Equivalent  stress  ,  i.e.,  stress  which  should-tbe  created 
in  an  extended  sample,  so  that  its  stressed  state  correspond  to  a 
given  state,  is  most  frequently  in  accordance  with  one  of  two 
strength- theories ,.  the  theory  based  on  equality  of  the  largest 
tangential  stresses  and  the  theory  of  the  equality  -of  distortion 
energy.  The  first  is  widely  used  in'  tasks,  where  the  limiting 
stage  is  characterized  by  a  transition  of  the  elastic  state  to 


plastic,  i.e.,  if  an  nn~  <  a  „  <  cr_  It,  however,  is-  used  if 

we  encounter  in  the  calculation  a  complex  stressed  state  of  design 
elements  when  the  largest  and  smallest  of  the  main  stresses  have 
different  signs.  The  second  is  used  in  tasks,  where  the  limiting 
state  is  characterized  by  the  beginning  of  rupture,  i.e.,  if 

0 . 2  max  b 

The  formula  for  determining  equivalent  stress  in  accordance 
with  the  first  theory 


Oi  =  Oi—ko3,  (1.27) 

where  o2,  are  the  main  stresses;  k  =  aT  - /c?  c  is  the  ratio 

of  the  yield  point  of  the  materials  during  extensions  to  the  yield 
point  during  contraction  k  =  an  /a  „  -for  brittle  materials;  for 
the  majority  of  structural  materials  k  -  1. 

Formulas  for  determining  the  equivalent  stressed  state  in 
accordance  with  the  second  theory  will  be  different  depending  upon 
whether  the  element  is  in  elastic  (y  =  0.3)  or  plastic  (y  =  0.5) 
state . 


Equivalent  stress  for  a  three-dimensional  stressed  state  is 


~i  —  V 0»5  K3*  “  3y)~ "}"  (3y  ~  3z)'  "T  (3*  3jr)"l* 


(1.28) 


We  find  equivalent  stress  for  a  two-dimensional  stressed  state. 
The  element  is  in  elastic  state  (y  =  0.3): 


1 


1  4*  H- 


eJ/i 


(1.29) 


p 


The  element  is  in  plastic  state  (p  =  0.5): 


sl =  ^*x  +  M»  +  *»  i 

v-f  f-(-.,-f°.5!„); 

3  */ 

3V~-- - “  +  0.5s.r)‘ 

•*  «i 


(1.30) 


i 

I 


Example  1.2.  Find  the  equivalent  stress  for  three  stressed 

p 

states  indicated  in  Fig.  1.32.  Stresses  are  given  in  daN/cm  . 1 
Material  under  extension  and  contraction  operates  identically  (k  =  1). 

The  value  of  equivalent  stress  according  to  formula  (1.27)  is 


B/  *  sj  — : 

a)  c,  =  800— 100  =  700;  (s,  =  P00.  s?  =  300,  o3=100); 

b)  5/  =  <;00  —  (— 100)  =  700  (s,  =  6‘M?,  c2=  0,  a3=— 100);. 

c)  3/ =  750  — 0  =  750;  (;J==750,  a2  =  >00,  o3  =  0). 

The  value  of  equivalent  stress-  according  to-  formula  (1. <.8)  is 

c,  =  J  0,5  [(3,—  02)2  —  (52—  C3)2  —  (a3—  aj)2J; 

a)  c,  =  J^O.o  1(800  —  300)2  -{.  (300  —  100)2  -i-  (100  —  800)2]  =623; 

b)  c,  =  I  '0,5  [(WO  —  0)2  4-  (0  —  100)2  -f  (  —  100  —  e00)2j;=  654; 

c)  5/  =  y  0,5  [(750  —  0/*'  -f  (100—0)2  +  (0  —  750)2]  =  805. 

As  seen  from  the  example,  the  values  of  equivalent  stresses, 
.calculated  according  to  different  strength  theories,  are  not  the 
same. 


*1  daN  =  10  N;  1  daN/cm2  =  1000  N/m2  =  1  kN/m2. 
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a)  b)  c) 

Pig.  1.32.  Finding  equivalent'  -stresses  . 


Stress-rupture  strength  of  material  under 
nonstationary  loading 

A  considerable  number  of  engine  parts  operate  under  nonstat'ionary 
stress  and  nonstationary  heating.  Let  us  examine  the  samples  whose 
temperature  and  loading  is  shown  in  Pig.  1.33. 


Pig.  1.33.  Determining  stress- 
rupture  strength  limit  for 
material  under  nonstatipnary 
loading. 


As  seen  from  the  figure,  the  material  of  the  sample  was  first 
heated  to  t’^  and  stressed  to,  during  time  period  then  on  section 
Tg  temperature  and  stress  were  changed  to  'values  t2,  b2>  etc,,  until 
complete  rupture.  At  the  end  of  such  variable  loading  the  sample 
experienced  stress  at  temperature  t^  and  ruptured  with  time  lapse 

V 
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Total  operating  time  of  the  sample  before  -rupture  was 


* 


. . ,  xkp  the  time 


Let  us  designate  in  terms  of  ,,  t^, 
intervals  necessary  for  rupture  under  stresses  cr^,  d2>  . ... ,  uk> 
These  quantities  are  determined  from  the  stress-rupture  strength 
curves  at  various  temperatures  t^,  t2»  . ..,  t,..  We  shall  call  the 
patios  T2/T2p) 

etc.,  modes. 


*»  tk* 

,  x'k/ t kp  material  damage  in  first,  second, 


Experimental  studies  on  stress-rupture  strength  of  samples 
operating  under  nonstationary  stresses  and  heating  have  enabled  us 
to  establish  the  fact  that  total  damage  for  a  given  material  is  equal 
to  one: 


£ 


-2L-1. 

T'p  . 


(1.31) 


This  assumption  is  called  the  law  of  linear  damage  summation. 


Under  continuous  stress  variation 


(1.32) 


Where  a  and  t  are'  subscript  and  superscript  indicating  that  rupture 
time  r  is  determined  for  a  .gi veh  stress  a  and  a  given  temperature 
t. 


Let  us  find  the 
which,  as  before,  we 


coefficient  of  operating  time  reserve, 
shall  designate  nT« 
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We  increase  the  loading  time  of  a  part  in  each  segment  x^, 
xn,  . ..,  x.  an  identical  number  of  times  so  that  at  the  end  of  the  k-th 
loading  stage  the  part  ruptures.  Then  the  quantity  indicating  how 
many  times  the  time  segments  x^,  x2,  ...»  must  be  increased 
so  that  rupture  occurs  at  the  end  of  the  mode  is  the  coefficient  of 
longevity  reserve.  We  designate  this  new  loading  time  for  each 
segment  with  an  asterisk: 

T2=/iYr2;. . . ,  x*k=n^xk. 

Then 

ft  ft 

Tp  -=2T*=s/*tXT/'=^,T*  (1,33) 

1  1 

where  x  is  the  operating  time  of  the  part,.  Hence,  substituting 
relationships  (1.33)  into  (1.31),  we  obtain  the  formula  for  the 
coefficient  of  longevity  reserve: 

- .  (1.3*0 


To  determine  a  coefficient  of  strength  reserve  under  nonstationary 

loading  we  assume  that  stresses  ...j  are  increased  an 

identical  number  of  t.-'ines  n,  so  that  at  the  end  of  the  new  mode 

P 

rupture  occurs.  Then  in  expression  (1.31),  taking  into  account 
formula  (1,24), 

T,-=i4,(/2pa,rw/;  ) 

*'=^(%rvf  (1'3 

where  xip  is  the  stress  necessary  for  rupture  after  time  x| .  It 
is  found  from  the  stress-rupture  strength  curve  of  the  material 
under  various  temperatures. 
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Substituting  expression  (1.35)  into  formula  (1.31),  we  obtain 
the  equation  for  determining  the  coefficient  of  strength  reserve: 


(1.36) 


This  e\  ation  is  solved  graphically.  In  the  particular  case  of 
constant;  temperature,  formula  (1.36)  is  simplified.  Assuming 

ml  =  m2  ~  mk  =  we  ot>^a^n  '*  i  : 


(1.37) 


Where  np  is  the  stress-rupture  strength  reserve,  of  a  part  when  it 
is  under  nonstationary  loading,.  > 

1  i 

Stress  relaxation 

A  change  in  the  stressed  state  of  a  part  during  a  period  of 
time  under  constant  load  is  called  stress  relaxation. 

Equation  (1.18)  enables  us  to  calculate  stress  relaxation.  i 
We  assume  that  the  element  Is  in  a  stressed  state,  and  thus  it  is 
established  that  its  subsequent  deformation  is  limited.  Then  frpm 
equation  (1,18),  assuming  e  =  const  and  e  =  0,.  we  obtain 
do/an  *  -EB(x)dT,  or  on  the  basis  of  expression  (1.21), 


■  =  —  EdQ, 


!  (1. 38) 


Integrating  this  expression,  we  find 


^l-n  _  3J —  —  2*  2.  t 

—  ft  , 


>  (1.39) 
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Designating  Q; 


0  ! 

: — f  we  dbtain. 

°o 


6=73 


(1.40) 


I'  1 -Mu -1)  £<#-><> 


or 


e=[i-r(«-i)£'=r,2],'‘". 


Since  n  >  1  and  ft,.  with  unlimited  'time  increase,  grows  without 
restriction,  o  is  a  diminishing  function.  The  shape  of  the 
_  function  q  is  indicated  in  Fig.  1.34. 


Fig.  1 . 34 .  Determining  stress 
relaxation. 


A  graph  of  functions,  B(t)i  and  ft  can  be  found  from  the  main 
dependences  of  plastic  flow 


i  i 


s  =  anQ  and  e=fS(r)an. 


(l.UD 


We  note  that  ?ince  when  t  *  0  deformation  e  =  0;  therefore,  when 
t  =  0  ft  =  0.  1 


I  ! 


Th4  value  of  the  exponent  n  is  known  from  the  experimental 
creep  curves,.  Function  ft  is  found  from  equation  .(1.41)  based  on 
the  known  e,  cr ,  and  n.  We  obtain a  (grap^  of  function  ft  (Fig.  1.3*0 


,  i 
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Function  B(x)  is  found  after  determining  function  ft  by  graphic 
and  numerical  differentiation. 

As  seen  from  the  figure,  the  value  of  coefficient,  B(t)  is 
variable  in  a  certain  segment  -  it  corresponds  to  the  segment  of 
unsteady  creep  and  is  constant  in  the  remaining  segment  —  the  segment 
of  steady  creep.  Function  ft  after  a  certain  value  grows 
monotonically..  -Function  p  decreases  sharply  when  t-  i*  near  zero 
and  then,  monotonically. 

Thenrll  stresses 

In  studying  thermal  stresses  we  face  two  different  problems. 

The  first  problem  is  finding  the  thermal  stresses  -which  appear 
as  a  result  of  rapid  heating  or  cooling  of  a  junction  or  part.  This 
mode,  although  brief ,.  corresponds  to  the  maximum  temperature  gradients 
and,  consequently,  stresses.  Decrease  in  these  stresses  can  be 
achieved 'by  increasing  unit  firing  time  or  starting  time.  For  an 
installation  where  the  time  must  be  minimal,  stresses  must  be 
designed  for. 

The  second  problem  is  to  calculate  stresses  which  occur  in 
parts,  as  a.  result  of  the  effect  of  steady  thermal  fluxes  and 
their  corresponding  steady  temperature  gradients . 

For  very  many  elements  this  calculation-,  is  fundamental  if 
deformations  corresponding  to  these  stresses  do  not  go  beyond  the  limits 
of  elastic.  This  calculation  can  be  a  reference  for  stress  analysis 
if  thermal  strerses  exceed  the  elasticity  limit  of  the  material 
when  plastic  deformations  accompanying  these  stresses  can  not  be 
disregarded.  Strength  calculation  for  parts;  in  this  case,  must 
be  made  with  relaxation  phenomena  taken  into  account. 
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If  we  heat  a  three-dimensional  element  of  an  elastic  body  to 
temperature  t^  and  in  no  way  hinder  its  free  expansion,  the  element 
expands  in  all  directions  and  its  thermal  deformations*  are  expressed 
by  the  following  formulas: 

—  zyt—  Zzt  —  a^» 

Y XUt  2Xt  “ 

l 

where  At  =  t^  -  tQ  (tQ  is  initial  temperature  of  the  body/;  a  is 
the  coefficient  of  linear  expansion  (relative  elongation  of  the 
material  under  heating  per  1°C). 

The  disappearance  of  shear  components  of  pure  thermal  deformations 
y  comes  from  the  absence  of  any  distortions  of  units  with,  this 
deformation. 


(1.42) 


If  the  body  is  heated  nonuniformly  or  any  segment  of  its  surface 
is  connected  with  another  body,  the  elements  of  the  body  can  not 
freely  expand  and  thermal  or  temperature  stresses  occur  in  it.  In 
this  case,  deformation  of  each  body  element  is  made  up  of  thermal 
deformation  of  a  free  element  and  elastic  defprmation  caused  by 
thermal  stresses.  If  these  stresses  are  designated,  as  they  usually 
are,  in  terms  of  ox,  py,  a z,  Txy,  t  ,  xzx,  then  deformations 


where 


£.r=-j  !A(vt*3*)H'a^; 

c  - 

132  —  H-  (»x-f  3y)]  -fa  A  (1 


Y.r U — ~^*xV*  Y yz  Via: —  Q  *zx' 


(1.43) 


0  = 


E 

2(1  +F>  *' 
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We  shall  express  stresses  in  terms  of  deformation.  Adding  the 
first  three  equations,  we  obtain 

5;=sSjt-j-8^-|-£z==i-~(3x-j-3J,-j-3z)l-|.3aA/,  1  U*1*1*) 

where  e  is  the  relative  thre'e-dimensional  expansion  of  an  element. 

The  first  equation  (1.43)  is  then  transformed  as:  i 


S.r  =  ~T  [*x  0  +  i*)  “  I*  (3.r  -f  V  +  ®z)l  +  a^= 

c 


-i* - £_£+I±A0a<.  ' 

2G  1  ~-2p  1  !-2fi 


(1.4?) 


Hence  we  determine  a  .  o„ ,  and  a  : 

vC  j  Z 


—  _JL_| 

(.  -L_ 

<  r+l 

tt 

1  -i* 

1  4- j*  1 

^r~ 

J  -2|x 

_ E 

(r»+r 

JL^e_ 

1  +  .u  ( 

l-f!» 

-2a; 

1  —  2fA 

E 

(!‘+r 

u 

1  +  !* 

1  -f  ,u 

-2/ 

1-2/* 

— cY,„; 


(1.-46) 


The  obtained  general  expressions  for  strains  and  stresses  are 
simplified  for  the  case  of  two-dimensional  ar.d  uniaxial  stressed 
states . 

For  the  two-dimensional  stressed  state 


**=■  V  fo-Fi,) 
E 

C 


(1.47) 


\xU —  q 


83 


! 


and  relationships  (1 . 46)  assume  the  form 


°v==TZV2  l£.r+^“(t  +ri«A*]; 

.  r 

E  1 

rxy=GyxV. 


(1.48) 


For  the  uniaxial  stressed  state 


ex  =  YU-r+aA/?  ^=£'lSx-TaA')- 


(1.49) 


The  results  obtained  have  simple  physical  meaning. 


In  generalized  form  they  can  be  presented  as 


i  , 

e“e/-fey»  «s»£«r 


(1.50) 


where  e.  is  the  thermal  deformation  of  a  free  part;  e  is  Plastic 

i  v  y 

deformation  of  a  part  occurring  due  to  contained  thermal  deformation. 

I 

Thus,  the  tot^al  deformation  of  the  heated  part  is  made  up  of 
its  free  thermal  expansion  and  elastic  deformation  due  to 

I 

the  containment  of  this  deformation. 

J 

t 

Thermal  stresses  are  determined  only  by  the  elastic  component 
of' deformation.  Finding  it  Ls  the  basic  difficulty  in  analysis. 

'Thermal  deformation  e.  is  always  Known;  for  example,  for  a  rod 


zt=a\t. 


, (l.5l) 


This  simplifies  obtaining  a  numerical  result.  The  rules  of 
the  •’tressed  state  of  a  heated  part  show  a  substantial  difference 


between  it  and  the  stressed  state  of  an  unheated  part  under  loading 
where,  as  we  know,  any  relative  deformation  corresponds  to  a  certain 
stress.  Let  us  examine,  for  example.,  the  stress  and  strains  in  a 
part  free  from  attachment  (Pig.  1.35a)- 


a)  b) 

Fig.  1.35.  Thermal  deformation  under  uniaxial 
loading. 

The  quantities  a  and  at  are  given,  Deformation  is 

e=t<{-£y  =  £<,  since  ey  --0; 

6-- fij  -  '  a=Etv~  0. 

Let  us  note  that  e  /  0,  while  0  0,  i.e.,  full  deformation 

of  a  part  does  not  characterize  its  stressed  state. 

We  shall  examine  stress  and  strains  in  a  part  having  rigid 
attachment  (presented,  for  example,  in  Pig.  135b). 

Quantities  a  and  At  are  given.  Deformation 

s  =  y=0;  sy  =  —  —ua/; 

z~Ei~  —Ea\t. 

Let  us  note  that  e  =  0,  while  0  j*  0. 

The  stressed  state  of  a  part  having  a  rigid  attachment  has 
one  more  important  quality  -  the  rigid  attachment  is  a  single 
attachment,  with  which  the  thermal  deformation  of  the  part  is 
precisely  equal  to  its  elastic  deformation  with  opposite  sign. 
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In  parts  having  an  elastic  attachment,  conditions  for  rigid 
attachment  are  mentally  created  to  evaluate  the  maximum  thermal 
stresses  which  can  occur. 

Example  1.3.  Find  the  thermal  stresses  in  a  pa.  made  of  steel 
and  installed  rigidly  as  shown  in  Fig.  1.35b,  if  c  10-10"^  1/°C; 

E  =  2-1011  N/m2;  At  ■  100°C,  are  known. 


Stress 


a=£aA/=— 2  •  10"  •  10  •  10-4  •  100==— 20  •  I0r  ♦  n2 

As  seen  from  the  example,  even  this  relativ  1"  little  preheating 
of  a  rigidly  attached  part  causes  great  stresses 

The  appearance  of  stresses  when  heating  a  prr t  with  an 
attachment  (Fig.  1.35b)  is  sometimes  given  such  a  physical 
interpretation  as  the  following:  if  there  were  no  limiting 
attachment,  the  part  would  expand  under  heating  by  quantity 
et  *  cxAt,  but  since  there  is  a  rigid  attachment,  this  elongation 
does  not  occur.  This  can  be  represented  as  the  inverse  deformation 
of  a  free  part  as  a  result  of  the  action  of  force  P  which  occurs 
at  the  site  of  the  rigid  attachment. 

The  introduction  of  reactive  force  P,  occurring  at  the  site  of 
deformation  confinement* makes  possible  simple  methods  of  finding 
thermal  stresses  in  the  most  varied  cases.  We  shall  examine  a 
common  engineering  method  of  finding  thermal  stresses. 

We  have  a  part  (Fig.  1.36a)  whose  deformation  is  confined. 
Quantities  a,  At,  and  E  are  given.  If  this  part  is  deformed  freely, 
its  deformation  =  aAt.  Since  the  deformation  of  the  part  is 
confined,  its  deformation  is  equal  to  e;  this  quantity  is  less  than 
e.  by  quantity  e  ,  as  shown  n  Fig.  1.36a.  We  find  the  value  of 

^  J 

deformation  e  in  the  following  manner. 
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c) 

Pig.  I.36.  Determining  thermal  stresses. 

Before  heating,  the  part  is  installed  in  a  rigid  housing  which 
does  not  allow  expansion  during  heating  (Pig.  1.36b).  Reactive 
force  P  occurs  during  heating.  We  find  it  from  the  thermal 
deformation,  which  is  known;  for  this  case  it  is  equal  to  elastic 
deformation:  e  *  -e.  »  -aAt.  Hence  P  ■  e  EF. 

j  w  jr 

Stresses  and  strains  obtained  in  this  state  differ  from  actual 
ones  since  there  is  no  rigid  attachment  of  the  part.  To  obtain 
true  thermal  deformations  we  must  apply  to  the  part  load  P,  which 
occurs  in  the  attachment  of  the  part,  but  is  directed  in  the  opposite 
direction,  i.e.,  with  negative  sign  (Fig.  1.36c). 

The  sum  of  part  deformations  with  rigid  attachment  (Pig.  1.36b) 
and  deformations  from  reaction  forces  P,  taken  with  opposite  sign 
(Fig.  1.36c),  gives  tne  true  elastic  deformation.  Finally,  we 
obtain 

ey  =  —  aA*  +  e(— P).  (1.5?) 

This  method  of  finding  elastic  thermal  deformation  anu. 
consequently,  stresses  will  be  used  in  even  more  complex  problems. 


\ 
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CHAPTER  II 


% 


ERE  POWER  GENERATORS 
2.1.  NUCLEAR  REACTOR  UNIT 

A  nuclear  reactor  is  the  most  promising  source  of  power  of 
an  extraterrestrial  rocket  engine.  It  exhibits  high  power  capabili¬ 
ties,  makes  it  possible  to  obtain  sufficiently  high  temperatures  for 
the  working  medium,  and  has  a  constant  mass  characteristic  during 
its  entire  operating  time.  Disadvantages  of  a  reactor  Include  its 
high  cost,  construction  difficulties,  necessity  for  crew  protection 
from  nuclear  radiation  during  operation,  repair  limitations,  and 
the  danger  present  during  emergencies.  The  problem  of  obtaining 
the  best  structural  materials  for  the  core  is  presently  in  the 
stage  of  solution. 

Based  on  the  energy  of  neutrons  which  determine  the  nuclear 
fission,  reactors  are  broken  down  into  those  operating  on  fast, 
intermediate,  and  thermal  neutrons.  Reactors  on  fast  neutrons 
are  simple  in  construction  and  have  comparatively  small  size  and  mass. 
They  are  also  simple  technologically,  have  a  small  number  of  parts, 
are  not  sensitive  to  the  use  of  structural  materials  which  absorb 
neutrons  in  the  core.  A  disadvantage  is  the  large  load  of  fissionable 
material  that  they  require  and,  therefore,  in  many  cases,  they  are 
more  expensive  than  other  reactors. 

Reactors  on  thermal  neutrons  are  more  complex  in  construction  , 
have  greater  mass  and  size  with  the  same  power,  and  are  more  sensitive 
to  the  use  of  structural  materials  in  the  core.  However,  these 
reactors  have  a  number  of  merits.  They  are  usually  cheaper  since, 
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other  conditions  being  equal,  the  charge  of  fissionable  material 
is  less.  To  moderate  the  neutron  from  the  energy  which  they  have 
during  fission  (~2  MeV) ,  moderating  material  (a  moderator)  is  used 
for  example,  hydrogen,  which  contains  material  mixed  uniformly  in 
the  core  or  separately  from  the  fissionable  material. 

Reactors  on  intermediate  neutrons  have  a  number  of  disadvantages 
and  advantages  somewhere  between  the  two  previous  types  of  reactors. 

Thermal  and  intermediate  reactors  are  divided  into. homogeneous 
and  heterogeneous  based,  on  the  principle  of  the  core  layout. 
Homogeneous  reactors  have  a  moderator  which  is  uniformly  mixed  with 
the  fissionable  material;  in  heterogeneous  reactors  the  moderator 
and  the  fissionable  material  can  be  in  different  phases  in  the  core. 

Bas?'1  on  the  physical  state  of  the  heat-transfer  agent ,  reactors 
are  divided  into  those  with  liquid  and  those  with  gas  heat  exchange. 
Reactors  in  which  the  heat-transfer  agent  passes  from  liquid  phase 
to  vapor  phase  are  called  "boiling."  Reactors  with  liquid  and  gas 
heat  exchange  are  divided,  based  on  the  working  medium's  pattern 
of  motion,  into  direct-flow  and  loop  reactors.  In  direct-flow 
reactors  the  heat-transfer  agent  moves  in  the  same  direction  in  all 
sections  of  the  reactor.  Communications,  in  this  case,  have  a  simple 
form;  the  reactor  is  comparatively  simple  in  construction.  In 
reactors  with  loop  (or  counter-current)  flow  the  heat-transfer  agent 
is  first  used  for  cooling  the  housing  of  the  reactor  and  then  enters 
the  core.  The  loop  pattern  is  sometimes  determined  by  the  location 
of  the  reactor  in  the  power  plant. 

Based  on  length  of  operation ,  reactors  are  divided  into  long- 
use  and  relatively  short-use  reactors. 

In  addition,  based  on  the  character  of  the  contact  between  the 
working  medium  and  the  surface  of  the  fuel  elements  of  the  core, 
reactors  are  divided  into  reactors  with  solid,  liquid,  or  gaseous 
fuel  element  surfaces.  The  last  two  types  of  reactors  allow  the 
working  medium's  temperature  to  rise  beyond  the  limits  of  solid 
state.  However,  they  have  r~t  gone  beyond  the  experimental  or 
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research  stage.  Reactors  with  a  solid  wall  have  preference  in 
extraterrestrial  rocket  engines. 

Structural  diagrams  of  nuclear  reactors 

Direct-flow  nuclear  reactor  on  fast  neutrons 

One  of  the  possible:  reactor  designs  (Pig.  2.1a)  consists  of 
a  housing  (1,  2,  3)  >  fuel  elements  4,  a  radial  reflector  ,  regulating 
cylinders  6  and  7,  and  a  protection  unit  8. 

The  housing  1  is  the  main  structural  part  of  the  reactor.  It 
braces  the  core  and  the  control  system;  it  absorbs  and  transmits  loads 
arising  during  the  start  of  the  engine  and  during  its  normal  operation. 
The  housing  unit  includes  the  load-bearing  panel  2,  a  perforated 
plate  which  is  also  called  the  tube  panel.  This  braces  the  fuel 
elements  and  absorbs  the  loads  from  them  during  start  and  operation. 


Pig.  2.1.  Structural  diagrams  of  nuclear  reactors:  a  -  direct- 
flow  on  fast  neutrons;  b  -  homogeneous  on  thermal  neutrons. 
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The  fuel  elements  also  rest  on  a  light  thin  diaphragm  3, 
whose  purpose  is  to  hold  the  fuel  elements  and  deflect  the  heat- 
transfer  agent  during  reactor  operation.  Fuel  element  ^  consists 
of  a  shell  with  which  it  is  braced  through  the  shank  to  the  load-bearing 
panel  of  the  reactor,  an  active  fissionable  substance,  and  two  end 
reflectors.  The  radial  reflector  5,  in  this  example,  consists  of 
two  parts  -  a  fixed  part  in  the  form  of  a  thin  layer  adjoining  the 
inner  surface  of  the  housing  1  and  an  external  part,  which  is  removed 
to  stop  the  reactor  in  the  case  of  an  emergency  situation. 

The  reactor  is  controlled  by  cylinder  6,  which  is  started  in 
motion  by  mechanism  7;  emergency  turn-off  is  accomplished  by  moving 
reflectors  5- 

! 

Liquid  metal,  as  indicated  by  the  arrow,  enters  the  reactor  from 
a  conduit  in  the  head  of  the  reactor,  passes  through  the  openings  in 
the  tube  panel  between  the  fuel  elements,  and  emerges  from  the 
collector  on  the  rear  wall  of  the  reactor. 

Diagram  of  a  homogeneous  thermal  neutron  reactor  '  , 

with  loop  motion  of  the  working  medi um 

This  reactor  (Fig.  2.1b)  consists  of  a  housing  unit.  (1,  2,  3);1 
a  fuel  element  unit  ^  consisting  of  a  shell,  an  end  reflector,  and 
the  fissionable  material  mixed  with  the  moderator;  a  radial  reflector 
5;  regulating  and  emergency  rods  6  and  7;  and  a:  protection  unit  8.  1 

The  heat-transfer  agent  entering  the  reactor  passes  between  the 
outer  shell  of  housing  and  the  thin  wall  connected  by,a  fluted 
adapter.  Then,  as  shown  by  the  arrow,  the  heat-transfer  agent 
passes  through  the  openings  in  the  load-bearing  panel  to1  the  core 
and  then  to  the  exhaust  outlet.  The  fuel  elements  are  installed  , 
in  the  core  with  very  small  thermal  clearances.  To  decrease  the 
absorption  of  neutrons,  structural  material  -  steel  shells  -  is  used 
only  for  the  emergency  and  regulating  rods  6  and  7,  located  n  the 
core. 
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Diagram  of  intermediate  reactor 

t  1 

This  diagram  (Pig.  2.2a)  is  similar  to  the  previous  two  diagrams. 
The  housing  (1,  2,  3)  is  the  same  as  in  the  thermal  neutron  reactor. 

The  fuel  elements  4  are  installed  in  a  shell  of  structural  material 
just  as  in  a  rapid  neutron  reactor.  The  radial  reflector  5  is 
similar  to  that  in  a  fast  neutron  reactor  as  is  the  control,  carried 
out  by  cylinder  6  located  in  reflector  5.  Here  ?.loO  are  the  cylinders 
for  emerge,  cy  cut-off. 


Fig.  2.2.  Structural  diagrams  of  nuclear  reactors:  a  -  on  inter¬ 
mediate  neutrons;  b  -  heterogeneous  on  thermal  neutrons. 

Figure  2.2b  gives. a  structural  diagram  for  a  heterogeneous 
reactor  wa..h  a  gaseous  working  medium. 

The  housing  1  of  the  reactor,  the  end  walls  2,  end  the  pipes 
for  the  fuel  elements  and  the  passage  of  the  heac-t^  .nefer  agent  3 
are  a  rigid  all-welded  design  of  t 'e  direct-flow  type.  ?'c  fuel 
elements  4,  in  the  form  of  plates,  shown  in  the  figure  or.  )'-ie  right, 
are  set  by  sections  into  the  pipes  3-  The  controlling  and  emergency 
rods  5  end  6  are  made  similarly  to  the  diagram  of  a  thermal  reactor. 
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As  the  reflector  and  moderator  in  this  reactor,  one  of  the  pos¬ 
sible  variants  is  water,  which  enters  the  right  upper  branch  connection 
of  the  housing  and  occupies  the  entire  free  space  between  the  fuel 
elements  and  the  housing.  In  order  to  provide  a  uniform  mixing 
of  the  water  during  the  operation  of  the  reactor,  diaphragms  with 
openings  are  installed  in  the  housing.  To  ensure  the  necessary 
cooling  of  the  structural  elements  there  is  a  special  water  supply 
into  the  jacket  which  covers  the  fuel  element  shell. 

The  gas,  for  example,  helium,  passing  along  the  internal  channel, 
is  heated  from  the  plates,  which  can  be  made  from  a  uranium  alloy. 

The  •“])  of  the  channel  can  be  different  depending  upon  the  pressure 
of  , />:  heat-transfer  agent. 

r,M  CONSTRUCTION  OF  REACTOR  ELEMENTS 

Means  of  connecting  elsments 

Many  reactor  parts  are  made  from  sheet  material  and  are  joined 
by  welding  or  soldering.  Let  us  outline  the  welding  technique 
used  for  reactor  elements  and  then  show  examples. 

Electric  argon-arc  welding  -  the  fundamental  form  of  welding 
in  the  construction  of  a  reactor  -  ensures  a  durable  pressurized 
seam.  This  procedure  can  be  completely  automated. 

Resistance  welding  ensures  a  durable  unpressurized  seam.  Th's 
is  used  foi  the  connection  of  uncritical  parts. 

Spot  welding  does  not  provide  a  durable  pressurized  seam.  It 
is  used  for  clamping  in  intermediate  operations  and  also  for  bracing 
uncritical  parts. 

Electron-beam  welding  provides  a  durable  pressurized  seam  of  the 
highest  qualicy.  It  allows  the  welding  of  different  types  of 
materials,  for  example,  nonferrous  metal  to  steel,  tungsten,  etc., 
i.e.,  materials  which  do  not  ordinarily  undergo  welding  well.  It 
should  be  noted  that  this  form  of  welding  is  not  always  used;  it  is 
expensive  and  requires  special  equipment. 
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In  addition  to  these  methods,  sometimes  rare  welding  techniques 
of  great  promise  are  used.  These  include  friction  welding,  thermal 
diffusion  welding,  ultrasonic  welding,  ‘  aser  beam  and  blast  welding. 


(e)  • 


Fig.  2.3.  Weld  seams  obtained  by  argon-arc  weldihg. 

KEY:  (3)  View. 

Soldering  is  also  widely  used  in  the  construction  of  reactor 
elements.  In  many  elements,  for  example,  the  connection  of  multi¬ 
layer  shells,  the  bracing  of  power  units,  etc.,  soldering  is  used 
successfully  along  with  welding.  In  cei’tain  cases  -  Hie  connection 
of  structural  materials  with  ceramics  it  is  irreplaceable  and  is 
a  urique  means  of  connecting  the  elements. 
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Let  us  examine  the  examples  of  welding  reactor  elements  in  the 
drawing.  Figure  2.3  shows  examples  of  argon-arc  electric  welding 
of  housing  elements  with  butt  welding  and  overlapping. 

The  edges  of  the  shells  under  the  weld  must  be  processed  by  a 
specific  method  (Fig.  2.3a);  f~r  thin  materials  the  edges  are  cut 
along  a  plane  at  an  angle  of  *>-20°.  The  thickness  of  the  uncut 
material  is  ~0.05h,  where  h  is  the  thickness  of  the  sheet.  Such  a 
joint  is  used  if  the  design  allows  it  to  be  examined  from  two  sides. 
In  the  figure  it  is  apparent  that  butt  welding  cannot  be  depicted 
on  a  drawing  (see  sketch  I). 

Figure  2.3b  shows  a  seam  when  its  inspection  from  the  side  is 
ruled  out  because  of  the  inaccessibility  or  complexity  of  the  design. 
On  the  inside,  before  the  welding  of  parts  1  and  2,  deflector  3, 
which  is  a  plate  or  a  thin  ring  (depending  upon  the  size),  is 
installed  by  spot  welding.  Such  a  deflector  ensures  the  uniform 
penetration  of  the  joint  and  guarantees  the  quality  of  the  seam, 
averting  accidental  overshoots  of  molten  metal  during  welding. 

With  an  increase  in  the  thickness  of  the  welded  plate  to  50  mm 
or  more,  the  edges  of  the  sheet  are  processed  as  shown  it.  Fig.  2.3c 
and  d.  Here  such  seams  are  shown  in  the  drawing  in  profile  or 
cross  section. 

When  shell  designs  are  overlapped  (Fig.  2.3e)  the  seam  should 
be  removed  from  the  edge  of  the  shell  or  from  other  deformations; 
this  is  a  necessary  condition  for  strengthening  the  structure. 

Figure  2.1\  shows  connection  methods  which  are  rarely  encountered 
in  reactor  design.  Resistance  welding  is  successfully  used  in  over¬ 
lapping  sheets  (Fig.  2J»a)  wnere  durable  but  not  pressurized  seams 
are  required,  for  example,  in  welding  the  bracing  collar  to  the 
shell . 
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Deflectors,  jackets,  shields  and  auxiliary  parts  can  be  welded 
by  electric  spot  welding.  The  location  of  electrodes  and  the  form 
of  welding  are  shown  in  the  drawing  on  Pig.  2.^b. 

In  the  illustration  of  electron-beam  welding  (Fig.  2. He)  the 
filling  of  the  seam  with  metal  is  not  shown  or  is  shown  in  the  form 
of  a  wedge  with  a  3°-5°  angle. 

The  seam,  without  shading,  is  shown  on  the  drawing  of  friction 
welding  (Pig.  2.4d). 

Fijure  2.  He  is  an  illustration  of  soldering  single-type  or 
different-type  materials. 

The  two-layer  shells  1,  2,  3,  shown  in  Fig.  2.Af,  are  widely 
used  in  reactor  construction.  The  shells  1  and  3  are  connected 
with  adapter  2  between  them  by  soldering.  The  shape  of  the  adapter 
differs.  An  adapter  with  steep  pitch  is  used  in  elements  where  the 
load  on  the  shell  3  is  small. 

Extreme  differences  in  tl  -  thicknesses  of  welded  parts  should 
be  avoided  for  argon-arc  welding  in  butt  and  overlap  welded  units. 
Figure  2.5a  shows  examples  of  correctly  and  incorrectly  (circled 
sketches)  welded  units. 

Figure  2.5b  gives  an  example  of  argon-arc  welding  of  sheet- 
metal  elements  of  the  reactor's  housing  with  elements  not  made  from 
sheet  metal.  In  the  housing  there  are  parts  which  connect  several 
such  elements,  for  example,  a  frame  flange.  The  thicknesses  of  the 
walls  of  the  welded  elements  must  be  the  same  at  the  welding  points. 
The  welding  seams  of  parts  *1  and  5  are  ■  c.;  on  different  levels 
tc  provide  for  assembling  from  the  same  s'd>. 

On  the  four  drawings  in  Fig.  2.5c  we  see  the  e;  d  finishing  of 
two-layer  shells.  Usually,  two-layer  shells  consist  of  a  thick- 
walled  power  shell  having  minimum  temperature,  a  thin  hot  shell, 
and  the  adapter  between  them  which  connects  the  shells  with  soldering. 
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Between  these  shells  passes  a  fluid  which  either  completely  or 
partially  fills  the  space  between  them.  Some'times  the  working  medium 
passes  in  the  opposite  direction  along  th$  fluted  adapter 'as  shown 
in  the  first  sketch. 


Fig.  2.  A.  Methods  of  Joining  reactor  elements. 

KEY:  (1)  View. 

1  t 

At  the  inlet  points  for  the  working  fluid  in  the  inner-shell 
space,  the  end  finishing  of  the  internal  thin  shells  can  be  performed 
by  different  methods.  In  the  second  sketch  the  end  of  the  internal 
shell  is  deformed  so  as  to  allow  the  blind  soldering  of  the  internal 
to  the  external  shell,  completely  closing  off  the  exit  of  the' internal 
fluid.  In  the  third  sketch  this  same  effect  is  achieved  by  soldering 
the  end  of  the  internal  shell  by  means  of  a  ring  which  can  be  made 
from  the  soldering  material  if  the  distance  between  the  shells  is 
small.  The  fourth  sketch  shows  the  partial  soldering  of  the  fluted 
adapter  on  the  end.  Such  soldering  allows  the  overflow  of  part 
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,  i  ' 

i  , 

of  the  fluid  from  the  space  between  the  shells  to  the  adjacent  Section 
if  this  is  necessary.  :  ■ 

I  • 

5  i  . 

As  with  any  oi^her  construction,  we  know  tfiat  it;is  expedierit 
to  assemble  reactor  elements  in  units.  For  example,  hood  1  and  hood, 

3  of  the  reactor  (Fig*  2.5d)  must  be  welded  to  the  central  .part  2 
of  the  reactor  when  each  part  is  completely  or  almost 1  completely 
assembled.  Such  assembly  is  complicated  if  the  shells  of  these 
parts  consist  of  two  or  more  layers.  The  figure  illustrates  a  method 
of  connecting  such  multi-la  jred  units.  ;  '  1 


i  tyyp >?*&*££ vrof-s &»*ViS5 


The  procedure  for  welding  a  two-layer  shell  is  as  follows: 
the  internal  shells  2  and  4  are  welded.  This  is  easy  to  do  since 
the  outer  shell  projects  beyond  the  edge.  After  welding,  seam 
cleaning  and  inspection,  the  external  ring  5,  consisting  of  two- 
halves,  is  welded  on. 


Fig.  2.6.  Construction  of  reactor  housing  elements. 
KEY:  (Dpi  50  daN/cm2. 


It  should  be  kept  in  mind  that  the  distance  between  shells  1 
and  3  must  not  be  very  big  since  it  determines  the  size  of  the 
section  of  internal  shells  2  and  which  are  not  reinforced  by  an 
adapter.  This  is  essential  for  designs  having  a  large  pressure 
drop  on  the  internal  shells  2  and  D 
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Figure  2.5e  shows  the  same  design  procedure  for  connecting 
two  parts  of  three-layer  shells.  In  this  construction  the  middle 
split  collar  1  is  held  by  the  flanges  of  split  collar  2. 

The  working  fluid  must  be  fed  into  and  drained  from  the  reactor 
housing.  Figure  2.6a  is  a  sketch  of  a  supply  pipe  for  moderate 
pressures  (not  exceeding  50  daN/cm  ).  The  power  housing  1  has 
openings  which  connect  the  cavity  of  tank  3  with  the  intershell 
space.  These  openings  are  made  before  soldering  shells  1  and  2. 

The  working  medium  is  fed  along  pipe  4  which  is  flattened  here. 

If  the  pressure  of  the  working  fluid  exceeds  50  daN/cm'  (Fig.  2.6b), 
the  branch  pipe  and  tanks  must  be  stronger.  The  internal  shell  2 
in  the  section  located  opposite  the  openings  in  housing  1  is 
reinforced.  Tank  3  and  pipe  4  have  a  circular  cross  section;  this 
design  is  typical  for  gas  reactors. 

In  some  cases,  the  reactor  core  is  installed  as  an  independent 
unit.  The  core  is  fully  assembled  on  the  pipe  panel  of  the  reactor. 
Figure  2.6c  shows  one  of  the  possible  designs  of  such  a  pipe  panel. 
The  pipe  panel  1  is  Installed  before  the  support  to  the  bead  on  the 
reactor  flange  and  is  held  motionless  by  an  elastic  ring  2  which  is 
attached  by  screws  3  and  wire  4.  The  seam  5  is  made  after  the 
core  is  installed. 

Usually  reactor  construction  is  all-welded;  therefore,  the 
location  of  the  weld  seams  must  agree  with  the  sequence  of  its 
assembly.  The  last  seam  on  the  diagram  in  Fig.  2.6d  can  only  be 
seam  5.  This  diagram  enumerates  the  most  probable  sequence  of  weld 
seams . 

Construction  of  the  fuel  element  for  a  fast 
neutron  reactor 

In  some  cases,  for  engineering  reasons,  a  fuel  element  can  be 
mounted  unassembled.  Figure  2.7a  shows  a  design  which  allows  the 
installation  and  removal  of  a  fuel  element. 
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A  fuel  element  is  a  closed  pressurized  thln-walled  design, 
consisting  of  shells  2  covered  on  two  sides  by  end  pieces  1  and  5. 
Inside  the  shell  with  a  small  gap  is  placed  part  of  the  end  reflector 
3  and  the  pellet  of  fissionable  material  4.  Depending  upon  the 
heat-transfer  agent,  its  temperature,  and  the  type  of  fissionable 
material,  shell  2  and  end  pieces  1  and  5  are  made  from  stainless 
steel,  for  example,  Khl6N9T,  ZhSK,  molybdenum,  niobium  alloys.  The 
fissionable  material  is  made  from  uranium  alloys,  uranium  carbide 
oxide.  The  reflector  is  made  from  beryllium,  beryllium  oxide. 

End  piece  1  of  the  fuel  element  freely  enters  the  opening  of  the 
pipe  panel  6  and  the  rectangular  notch  of  fixing  plate  7*  Then 
by  turning  the  fuel  element  90°  it  is  fixed  axially  to  plate  7  and 
the  flange  of  end  piece  1.  Then  the  end  piece  is  restrained  from 
freely  turning  during  the  transporting  and  operating  of  plate  8 
in  which  there  are  rectangular  notches  for  the  end  piece  and  openings 
for  the  passage  of  the  heat-transfer  agent.  Plate  8  is  screwed  to 
the  pipe  panel  6.  In  figure  2.7a  the  6  -  B  cross  section  is  given 
without  plate  8,  and  view  A  is  given  with  this  plate  installed. 


Fig.  2.7.  Construction  of  a  fuel  element  for  reactors:  a  -  on  fast 
neutrons;  b  -  on  thermal  neutrons. 

KEY:  (1)  View. 
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The  second  end  piece  5  fixes  the  fuel  element  to  the  lightweight 
diaphragm  9  of  the  reactor. 

The  shell  of  the  fuel  element  is  the  most  loaded  element  in 
the  reactor  and,  consequently,  in  the  entire  power  plant.  The  shell 
operates  under  the  highest  possible  temperature.  It  is  subjected 
to  the  action  of  gas  forces  arising  as  a  result  of  uranium  fission. 
Gaseous  fission  products  can  collect  under  the  shell.  If  the  reactor 
has  various  alternating  modes  of  operation,  this  leads  to  cyclic 
loading  of  the  shell. 

The  fuel  element  unit  of  a  thermal  reactor  (Fig.  2.7b)  includes 
end  piece  1,  part  of  end  reflector  2,  and  the  fissionable  material 
3. 


Depending  upon  the  heat-transfer  agent  and  the  temperature  of 
the  fuel  element,  the  end  pieces  are  made  from  stainless  steel, 
for  example,  Khl8N9T,  molybdenum,  niobium.  The  reflector  can  be 
beryllium  oxide,  bery Ilium j  the  fuel  in  a  homogeneous  reactor  can  be 
a  blend  of  uranium  with  graphite,  beryllium  oxide,  hydrides. 

A  fuel  element,  thus,  is  a  structure  of  various  materials 
assembled  into  one  unit.  A  connection  between  the  separate  elements, 
the  steel  end  pieces,  and  the  outer  shell,  if  there  is  one,  is 
accomplished  by  welding  or  soldering. 

The  fuel  elements  form  the  core  of  a  homogeneous  reactor.  The 
end  piece  1  in  the  form  of  a  tube  then  becomes  hexagonal,  which 
ensures  a  tight  fit  for  the  core.  The  heat-transfer  agent  passes 
through  the  openings  inside  the  fuel  element  or  between  the  uni^s. 
The  fuel  element  is  welded  to  the  load  bearing  panel  4  through  ring 
5,  providing  a  uniform  wall  for  the  welded  parts.  The  second  ring 
of  the  fuel  element  rests  on  a  diaphragm  6. 


(c)  (d) 


Presented  in  Pig.  2.8a,  the  fuel  element  for  an  intermediate 
neutron  reactor  is  made  as  that  of  a  fast  neutron  reactor,  in  the 
shape  of  a  closed  thin-walled  welded  shell  (1,  2,  3,  *0  inside  of 
which  is  located  part  of  the  end  of  reflector  5,  the  fissionable 
material  6,  mixed,  as  in  a  thermal  reactor,  with  a  moderator.  The 
shells  of  the  fuel  element  are  made  from  stainless  steel,  molybdenum, 
niobium;  the  reflector  from  beryllium  oxide;  the  core  from  a  mixture 
of  uranium  with  beryllium  oxide,  hydrides.  The  cross-sectional 
shape  of  a  fuel  element  in  the  core  can  be  circular  or  hexagonal. 

The  heat-transfer  agent  can  pass  along  the  channels  inside  the  fut-1 
element  or  can  wash  over  the  surface  of  the  fuel  element  on  the  out¬ 
side.  The  end  piece  1  of  the  fuel  element  and  the  load-bearing 
panel  7,  in  this  example,  are  attached  by  a  thin  pressed  plate  8 
welded  to  plate  7  by  spot  welding.  Figure  2.8b  shows  a  version  of 
fuel  element  attachment  to  the  load-bearing  panel  7.  The  uniform 
wall  of  the  welded  surfaces  is  achieved  by  boring  or  milling  plate 
7  at  the  bracing  point  of  the  fuel  element  shell  1. 

Figure  2.8b  illustrates  the  construction  of  a  fuel  element  of 
a  heterogeneous  reactor.  The  fuel  element  consists  of  a  two-layer 
shell  1,2,  3  inside  of  which  the  core  units  are  located.  Each  unit 
consists  of  a  graphite  base  4  and  plates  of  fissionable  material  ‘3 
made  from  uranium  alloy. 
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The  units  are  fixed  in  the  shel.1  3  with  a  spacer  ring  6,  a 
spring  7,  and  a  support  ring  8.  The  external  shell  of  the  fuel 
element  is  welded  to  the  load-bearing  panel  9.  The  plate  is  tapered 
at  the  bracing  point  of  the  fuel  element  by  a  comparatively  simple 
engineering  method.  The  plate  is  drilled,  stamped  as  shown  in  sketch 
c,  and  then  stretched  to  the  necessary  size.  This  ensui’es  identical 
thickness  for  the  welded  elements.  The  material  of  shells  1,  2,  3 
is  stainless  steel. 

Construction  of  adjusting  cylinder  for  a  fast 
neutron  reactor  and  an  intermediate  reactor 

The  unit  (Fig.  2.9a)  consists  of  a  housing  1,  which  is  held  by 
flange  2  to  the  projection  of  the  housing  flange.  The  adjusting 
cylinder  (4,  5,  6)  is  located  on  bearings  3  and  7  in  the  housing  1. 


Fig.  2.9.  Construction  of  the  regulating  rod  of  a  reactor:  a  -  on 
fast  neutrons  and  Intermediate  neutrons;  b  -  on  thermal  neutrons. 
KEY:  (1)  View. 
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The  ref lector  material  5  (beryllium,  beryllium  oxide)  is  packed 
into  the  pressurized  shell  *J.  A  segment  of  boron  steel  6,  which 
exhibits  powerful  neutron  absorbance,  is  set  in  the  lugs  to  the 
internal  surface  of  the  shell  4,  which  occupies  approximately  l!80d. 

It  must  be  cooled  to  prevent  overheating.  The  adjusting  cylinder 
is  turned  by  spring  8.  The  journal- thrust  bearing  3  and  the  journal 
bearing  7  operate  with  a  dry  lubricant  or,  are  lubricated  with  the 
cooling  fluid  if  the  cylinder  is  of  such  construction. 

, 

The  housing  of  the  adjusting  cylinder  1  is  attached  so  as  tp 
ensure  free  thermal  deformation  of  the  more  highly  heated  realtor 
housing  and  the  installation  is  light  because  of  the  pin  connection. 
The  locking  of  the  pin  is  shown  in  the  figure  (view  B). 

One  of  the  possible  designs  of  the  adjusting  rod  in  a  thermal 
reactor  (Fig.  2.9b)  consists  qf  a  controlling  cylinder  1,  a  housing 
2,  support  devices  3,  and  the  rod  4.  These  elements  of  the  rod  are 
made  from  stainless  steel,  except  for  rod  4  which  is  made  from  b'oron 
steel.  1 

1  1 

Tne  adjustment  is  performed  by  the  moving  of  the  rod  into  the 
core  of  the  reactor  using  a  piston  and  cylinder;  the  rod  must  be 
cooled  during  operation.  The  coolant  is  fed  to  tanks  ,  , 

The  working  fluid  controlling  the  rod,  in  this  case,  is  the  same 
as  the  cooling  fluid.  The  housing  of  the  adjustment  rod  1  is  welded 
to  the  load-bearing  plate  of  the  reactor  6  and  the  support  diaphragm 
7.  The  disadvantage  of  this  design  is  its  porosity.  , 

Protection  unit 

The  protection  unit  (Fig.  2.10)  of  the  studied  reactor  has  a 
mass  which  sometimes  exceeds  the  mass  of  the  reactor  itself.  The 
protect!  >n  unit  consists  of  a  bracing  frame  1  whi  :h  connects  the 
protection  with  the  reactor  and  with  other  elements  of'  the  installa¬ 
tion,  load-bearing  rings  2,  uiaphragms  3,  shells  4 ,  pjpes  5  for 
introducing  the  adjusting  v od  into  the  reactor.  The  protective 
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material  is  sheet  tungsten  6  for  protecting  the  installation  from 
Y-radiatiori;  metal  hydride  and  layers  of  boron  steel  8  or  other 
material  protect  the  installation  from  neutron  radiation. 

i 

The  entire  unit  is  a  welded  pressurized  structure.  Pressuriza- 

i  J 

tion  is  necessary  to  contain  the  hydrogen  given  off  as  a  result  of 
the  neutron  bombardment  of  metal  hydride. 

The  release  of  hydrogen  during  operation  requires  that  the 

i  • 

protective  shell  be  designed  for  strength  and  stability.  A  decrease 
in  hydroger.  pressure  can  be  achieved  by  creating  a  vacuum  when 
filling  the  shells  with  metal  hydride. 

I 

In  designing  this  shell  we  should  also  keep  in  mind  the  heating 
of  the'  protection  unit  during  the  operation  of  the  reactor. 

i 

I 

Figure  2.11  shows  an  overall  view  of  a  homogeneous  nuclear 
rdactor  whose  energy  is  effected  in  a  thermal  electric  converter. 

The  reactor  has  37  fuel  elements  which  are  cooled  by  the  eutectic 
Na-K  at  t  *  455°C  and  t  =  5l8°C  [ex  =  input;  Btx  =  output]. 

B  X  Bb  X 


Fig.  2.10.  Reactor  protection  unit. 
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Figure  2.12  is  a  sketch  of  a  fast  neutron  reactor.  The  working 
medium  is  the  eutectic  Na-K,  the  nuclear  fuel  uranium  carbide,  the 
reflector  beryllium,  the  material  of  the  regulating  cylinders 
beryllium.  The  heat-transfer  agent  has  a  loop-type  feedv 

The  eutectic,  passing  through  the  two-layer  shell  1  of  the 
housing,  enters  the  reactor  core  through  the  openings  in  the  pipe 
panel  2.  Part  of  the  heat- transfer  agent  goes  through  the  central 
channel  in  the  fuel  element  3  and  part  into  the  cavity  between  the 
fuel  elements  and  then  into  the  branch  pipes  of  the  reactor  housing. 
Thermal  deformation  of  the  core  is  compensated  by  installing  uhe 
pipe  panel  4  on  sylphon  bellows  5. 

Figure  2.13  shows  a  heterogeneous  reactor  on  intermediate  neutrons. 
This  reactor  consists  of  a  housing  with  branch  pipes  (1,  2,  3),  a 
core  (4,  5,  6),  regulating  devices  (7»  8,  9)  and  shield  10. 

The  liquid  metal  enters  the  reactor  housing  through  branch  pipe 
2,  passes  through  the  core  and  exits  from  the  reactor  through  branch 
pipe  3.  The  core  is  made  up  of  disks  4  with  openings  through  which 
the  pipes  pass  which  connect  it  with  the  pipe  panels  5  and  6. 

The  reactor  is  regulated  by  cylinders  7;  emergency  control  is 
accomplished  by  tilting  reflectors  8  and  the-  reflectors  8  are  moved 
by  mechanism  9.  The  shield  10  is  of  multilayer  construction.  Shadow 
shielding  is  used;  therefore,  the  outlines  of  the  reactor  must  be 
inscribed  in  it. 

i  Figure  2.14  illustrates  a  reactor  of  the  "Romashka"  type,  in 

which  heat  transfer  from  the  core  is  accomplished  without  a  heat- 
transfer  agent. 

The  reactor  is  cylindrical.  The  heat  releasing  elements  1  are 
made  in  the  form  of  plates  of  uranium  dicarbide  with  90%  enrichment 
by  the  uranium  isotope  The  core  consisting  of  the  fuel  elements 

and  graphite  plates  2  with  a  maximum  temperature  in  the  center  of 
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1770°C  is  surrounded  on  all  sides  by  reflector  3  of  beryllium, 
in  the  side  sections  of  which  are  four  regulating  rods 


Pig.  2.11.  Construction  of  a  nuclear  reactor  on  thermal 
neutrons:  1  -  housing;  2  -  regulating  rods;  3  -  electric 
drive  of  the  rod;  -  pump;  5  -  shield. 


A  thermal  electric  converter  5  of  germanium-silicon  alloy  is 
located  directly  on  t  •  surface  of  the  radial  reflector,  having  a 
temperature  of  1000°C,  The  electrical  power  of  the  converter  5  is 
500W.  The  figure  shows  fins  6  installed  on  the  converter  for  cooling. 

Stress  analysis  of  reactor  parts 

Let  us  consider  a  minimum  stress  analysis  for  the  reactor  part. 

The  following  basic  elements  should  be  analyzed:  cores  and 
shells  of  heat-releasing  elements,  housing  and  other  shells,  and 
the  load-bearing  panel. 
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F3-S*  2.12.  Construction  of  a  fast  neutron  nuclear  reactor. 

KEY:  (1)  View. 

The  heat-releasing  elements  in  the  form  of  solid  circular  rods 
or  plates  experience  thermal  stresses  due  to  the  nonuniform  heating 
of  the  material.  The  greatest  nonuniformity  of  heating  and,  conse¬ 
quently,  the  highest  temperature  gradient  occurs  in  the  cross  section 
fl  fuel  element  when  along  its  axis  the  temperature  changes  more 
or  less  smoothly. 

If  heat  release  in  uraniam  or  its  compounds  occurs  uniformly 
and  the  heat  is  uniformly  drained  from  a  cylindrical  or  flat  surface, 
then  the  ten  oeraturc  field  is  symmetric  with  respect  to  the  axis  of 


the  fuel  element's  core  and  the  temperature  gradient  can  be  a  function 
of  the  radius  r  of  a  circular  fuel  element  or  the  distance  from  the 
axis  of  symmetry  of  a  flat  fuel  element.  In  this  case,  in  the  first 
evaluation  of  strength  we  disregard  the  effect  of  end  sections  of  the 
core  on  the  intensity  and  we  find  the  stresses  in  the  fuel  element 
at  any  point  removed  from  the  ends.  A  more  precise  evaluation  of 
thermal  stresses  is  obtained  if  we  take  into  account  the  deformation 
of  the  end  sections. 

As  a  result  of  the  temperature  gradient  in  the  core,  there  are 
radial,  circular,  and  axial  stresses  corresponding  to  the  thermal 
deformations  of  the  core,  i.e.,  it  is  in  a  threerdimensional  stressed 
state  which  should  be  taken  into  account  in  stress  analysis. 

To  decrease  the  thermal  stresses,  cores  are  frequently  made  in 
the  form  of  pellets  of  fissionable  material  placed  in  a  cylindrical 
shell.  Cracking  and  crushing  of  pellets  during  operation  is  undesir¬ 
able]  therefore,  temperature  stresses  should  be  checked.  If  the 
pellet  is  thin-walled,  it  will  be  in  a  two-dimensional  stressed  state 
and  will  experience  loading  in  circular  and  radial  directions;  stresses 
in  the  direction  of  the  fuel  element's  axis  will  be  small  and  are 
not  taken  into  account. 

The  shell  surrounding  the  pellets  of  the  fuel  elements  will  be 
loaded  by  the  pressure  cf  gases  given  off  during  uranium  fission. 

To  check  the  strength  of  the  shell  involves  a  number  of  calculations 
concerning  the  strength  of  the  reactor  unit. 

Then  in  a  number  of  minimum  calculations  for  the  reactor  the 
calculation  of  the  reactor  housing  and  the  support  plate  is  involved. 

To  determine  thermal  stresses  we  shall  assume  that  the  temperature 
gradient  along  the  element  of  the  part  is  known  and  given.  Also 
known  are  the  main  characteristics  of  the  reactor  material  (some  of 
them  are  presented  at  the  end  of  the  book). 
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THERMAL  STRESSES  IN  FUEL  ELEMENTS 


Thin  cylindrical  pellets 

The  rods  of  a  fuel  element  are  made  in  the  form  of  flat  thin 
pellets  -  disks  (Pig.  2.15a).  The  disk  is  in  a  two-dimensional 
stressed  state.  Stress  in  the  direction  of  the  x-axis  is  zero. 

The  quantities  a ,  At  =  f(r),  E,  are  given.  We  must  find 

or  and  Oqj,  where  op  are  radial  and  are  circular  stresses. 


Pig.  2.15.  Temperature  gradients. 


Prom  the  symmetry  of  the  problem  it  follows  that  radial  dis¬ 
placements  u  depend  only  on  radius  r  while  circular  displacements  v 
in  the  direction  <p  are  zero.  Then  the  main  deformations  have  the 
form: 


hence 


.  du  1  . 

z'~d7~  7  (^-FvHoa;; 

Zr  =  7-  =  —  +  a , 

0f=rr^[  f+^_(1+|l)ai<]-i 


(2.1) 


(2.2) 


l 
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‘This  equation  (2.82)  is  derived  in  section  2.2. 


3ra  =  0'when  r—a\ 


,  rr,>  —  0  when  r  =  b. 


(2.8) 


Substituting  these  conditions  into  equations  (2.7),  we  obtain 


Ca=,^f ) raMr- 


(2.9) 


Finally,  we  obtain 


a  a 


v  * 

*4*  \  a^r^r  "K'-t  \  a\1nJr  —  Eatf. 
P-a'-  rn~  J  r2  J 


For  a  disk  v/ithout  an  opening  in  these  formulas  we  should  assume 
a  =  0.  Then 


(2.10) 


■=i\  ux,n'r  ~  i  \  a^rdr- 


m  r<» 

^  uitrilr  -f  j  mirdr  —  Ea^i. 


(2.11) 


Let  us  find  the  deflection  of  the  pellet.  We  substitute  into 
expression  (2.6)  the  value  of  constants  and  C2: 


u = <±z±jj2+Jl  +  e) fl2 

r(bi  —  at) 


p  r 

^  atfrdr  -f—^-  \  a  A  trdr. 


(2.12) 
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In  these  formulas  At  is  the  temperature  gradient.  In  the  earlier 
examined  problems  it  is  determined  from  formula 

—  to, 

where  tQ  is  the  temperature  of  part  manufacture  or  assembly,  usually 
20°C ; 

^  is  the  temperature  which  exists  in  the  part  as  a  result  of 
heating. 

For  this  problem  this  equality  can  be  conveniently  presented 
in  the  form 


A^  =  /mln4_  &tof(r)  —  to-Mm\n  +  Mof(r), 

i.e.,  in  the  form  of  a  constant  component  of  gradient  At  ^  and  a 
variable  component  of  a  gradient  depending  upon  the  radius,  AtQf(r). 
If  we  substitute  this  expression  of  the  gradient  into  the  stress 
formula  (2.10),  we  find  that  the  integrals  of  the  constant  component 
of  the  gradient  t  will  be  equal  to  zero  and  the  stress  will  be  a 
function  of  only  AtQ  and  the  law  of  temperature  variation  along  the 
radius  f(r).  The  main  technological  stresses  we  shall  disregard. 
Therefore,  it  is  advisable  to  determine  the  temperature  gradient  At 
by  the  formula  At  =  AtQf(r). 

In  many  cases,  it  is  advisable  to  replace  the  true  law  of 
temperature  variation  with  approximate  functions.  Figure  2.15b  shows 
the  temperature  gradients  which  can  be  encountered  in  these  calcula¬ 
tions  . 

The  linear  law  of  temperature  variation  is 


The  hyperbolic  law  of  temperature  variation  is 


ftssetrcrema*™*.. 


The  exponential  logarithmic  dependence  is 


f  -  Mir) 

t  =  ¥o  . -.:"T  • 


In  (bja) 

The  law  of  temperature  gradient  variation  along  the  radius  f(r) 
can  be  represented,  in  many  cases,  in  the  form  of  a  power  dependence 


It  --=  A/f 


tsr- 


(2.13) 


where  n  =  1,  2,  3>  • . . ,  n. 

If  we  substitute  expression  (2.13)  into  (2.10),  we  obtain  the  calcu¬ 
lation  formulas  for  computing  stresses: 


I  b'—a*  ri(b--a)n  j.  »+I  n  +  2  J 


_ 1  (b—r)n+-  (b—a)r+')'  b(b—r)n+l  b  (b— 

r».(b—a)n  l  n  +  2  .  n  +  2  /?+!  n+I  Jj’ 


-s = EaM,  [d±£;  — ! —  I  Hl-ef"'  _  lir‘."+1 L 

U2-fl2  ri(b-a,nl  n+\  -  n  +  2  J 

1  (b-r)n+2  (b-a)n+r  bib-r)n+}  .  b(b-a)n+'  1 

r-(b—a,nl  n  +  2  /i-j-2  n  + 1  «  +  l  j 

-(sn- ' 


(2.1*) 


If  the  heat  removal  in  the  fuel  element  is  accomplished  from  the 
surface  of  the  internal  opening,  then  the  gradient  will  be 


a/=a 


,  /  r  —  a\n 

a[T^)’ 


(2.15) 


where  n  =  1,  2,  3,  n. 
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n^"-'  <m**  BiW-1"  5  w- 

* 


If  we  substitute  expression  (2.15)  into  (2.10),  we  obtain  the 
calculation  formulas  for  this  case  also.  The  result  is  presented 
in  Chapter  V,  relation  (5-89). 

Example  2.1.  Find  the  .thermal  stresses  in  the  disk,  assuming 


n = 1  and 


A/  =  A'0 


As  a  result  of  calculation,  we  obtain 

r  —  a;  a,  =  0;  a9=— £«AfyO, 55;  r—  *;  ar 

A  stress  diagram  is  shown  in  Fig.  2.1isb. 
show  the  stresses  if  a  *  0. 


=  0;  o..  -ss  £aA/o*0,13. 

The  crosshatched  lines 


Thick-walled  cylindrical  fuel  elements 

The  quantities  E,  a,  At,  _  are  given  (Fig.  2.17).  Find 
0r’  0<p>  V  We  assuine  that  temperature  distribution  At  is  symmetric 
relative  to  the  axis  of  the  cylinder  and  does  not  change  in  the 
direction  of  its  axis. 


f 


Fig.  2.16.  Thermal  stresses. 

We  assuine  that  at  a  sufficient  distance  from  the  ends  the  cross 
sections  of  the  cylinder  are  flat,  i.e.,  we  shall  consider  the  part 
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of  the  cylinder  between  two  adjacent  cross  sections  as  a  disk 
experiencing  plane  strain.  Normal  stresses  ar>'  o^  and  ox  also  occur. 
The  latter  are  distributed*  along  the-  fades  of  this  dibk  so  that  the 

•  '  j  ! 

faces  are  kept  flat.  The  stresses  which  arise  in  the  cylinder  are 
determined  from  formulas  C^O]:  1  ,  1  1 

i  * 

•  :  i 

o. = — i—  ( —  \  nn.tr dr  -  —  \  04 trdr\ ; 

'  1-n  \b*-a*  r2  j  :  r*  i  /  , 

\  a  a  ■! 

s- = — J—  f A  V  aA^r</r  +  —  \  aA/rrfr  —  £«aA  ;  ! 

T  1  — jx  l  $2_fl2  r2  J  r*  j  / 

%  a  :  <t  7 

1  i 

•*-*-+Ateia4Wr~ja,4 

*  !  ,  (2.16) 


Fig.  2.17.  Thermal  stresses. 


At0  t 


If  there  are  no  openings  in  the  cylinder,  then  a  *  0  and  the 
stress  formulas  acquire  the  form*  i  1 

/  t>  r  \ 


3 - i —  ( A  \  a\frifr  -  •  t  (U/r  </A ; 


^  * 
\  ij 

1  | 

f  h 

M 

1-5*  I 

b 2  J 
^  0 

1 

(  2uE 

~~  l-{*  ' 

A, 

a  If  r  dr 


(2.17) 
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1  i 


Constant  a^ial  relative  strain  in  each  particular  case  must 
be  chosen1  so  that  the  equally  acting  forces,  distributed  along  the 
cross  section  of  the,  cylinder,  vanish,  i.e.. 


in  j  3xrdr~0. 

I  ,  :  • 

A  joint  solution  of  equations  (:2.17)  and  (2.18)  gives 


(2.18) 


eA-~ G  , 


where  ,AtQ  =  tQ  -  tb  is  ,the  maximum:  value  of  the  temperature  gradient 
along  the  cross  sdction  of  the  fuel  element. 

•If  t„  is  the  temperature  on  the  internal  surface  of  the  cylinder  and 

a.  ’ 

the  temperature  on  the  external  surface  is  zero,  the  temperature 
at  any  distance  r  from  center:  is 


A/a:/,  In  ± /‘in  4-. 

r  I  .a 


Substituting  this  value  into  formulas  (2.17),  we  find  the  following 
expressions  fbr  thermal  stresses:’ 


Eafa 

[  in  'b 

2(1  —  j*)In  b;a 

!  r  A2~a2 

'  Eain  ,  r 

‘i  i;.  a7 

2(1  — -y)ln  b/a  [ 

1  —  111 

r  A2—02 

Eat„ 

fl-2in4  2 

2(1  — y)  In  bfa 

l  r  W 

(2.19) 


If  t  is  positive,  radial  stress  for  all  points  is  compressive 

a 

'  and  vanishes  on  the  internal  and  external  surfaces  of  the  cylinder. 
The  stress  components  and  reach  their  highest  absolute  values 
1  on  the  inner  and  outer  surfaces  of  the  cylinder.  Assuming  r  =  a, 
we  :find 


i 


_ Eat,, _ ,  . _ 2/)2 _ .  b\ 

2(1  — ,«.)  !n  b/a  {  h'2  —  a-  ”  a  ) 


(2.20) 


When  r  =  b 


.  =-  _  §sl£.  (\  -  g“L.  in ±\. 

"r  **  2(1  — «) In bja  \  n~aP-  a) 


(2.21) 


If  the  wall  thickness  is  small  as  compared  with  the  externa] 
radius  of  the  cylinder,  formulas  (2.20)  and  (2.21)  can  bo  simplified, 
assuming 

b  ,  .  .  b  „  ml  m 3  . 

— =1  -rn;  111— =m— — — ... 

a  a  2  A 

and  considering  m  a  small  quantity.  Then  when  r  =  a 


Ev-tg 

2(1 -H) 


(,+f) 


(2.22) 


and  when  r  =  b 


c-  =  3.-- 


—  !*•)  I  .3  / 


(2  ?  ,j 

\  Cm  •  4.  *  / 


If  the  is  of  the  cylinder  are  very  thin,  we  disregard  the 
term  m/3  in  expressions  (2.22)  and  (2.23).  Then  for  surfaces  r  -  a 
and  r  =  b  we  obtain,  respectively, 


'"ia  —  3.ea 


2(1  -ri  ’ 


J'rb—-JXb  — 


2(1  —  Ji) 


(2.2il) 


These  thermal  stresses  will  be  distributed  throughout  the  thick¬ 
ness  the  same  as  in  a  two-dimensional  plate  or  a  thin  shell  with  » 
linear  law  of  temperature  distribution. 
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Thermal  stresses  are  the  main  factor  to  keep  in  mind  when 
designing  a  fuel  element  for  a  reactor.  This  u.s  easy  to  show  if  we 
express  the  temperature  of  fuel  element  through  the  heat-release 
function  qv,  called  the  three-dimensional  state  of  thermal  stress: 


ml 


If  a  =  0,  then 


(2.25) 


In  the  temperature  range  50-600°C  the  quantity  Ea/(1  -  u)  for 
uranium,  for  example,  has  virtually  a  constant  value: 


l-fi 


0,35  daN  /(.»/.»/-  0O. 


Figure  2.18  shows  the  stress  distribution  in  the  core  of  a 
uranium  heat-releasing  element  with  a  temperature  difference  of 
At  =  1.  Circular  and  axial  stresses  have  the  highest  value.  On  the 
surface  of  the  core  both  of  these  stresses  are  maximum  and  equal  to 


Pet 

°n 88 zxb  ~  0,5  — — —  a/~0,175^. 

1  —{X 


(2.26) 


These  formulas  are  useful  for  evaluating  the  correctness  of  the  fuel 
element  core  dimensions. 
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usasaft 


i 
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Pig.  2.18.  Thermal  stresses  in 
the  core  of  a  fuel  element. 

KEY:  (1)  5  daN/mm2. 


The  maximum  temperature  gradient  (ir  °C)  along  the  cross  section 
of  a  heat-releasing  element  for  a  cylinder  with  an  internal  heat 
source  can  be  determined  from  formula  [30] 


it-= 


1 


» 


where  A  is  the  thermal  conductivity  coefficient  in  w/nrdeg; 

qv  is  the  three-dimensional  state  of  thermal  stress  in  17/ nr*; 

At  is  the  temperature  difference  on  the  axis  and  the  surface 

of  the  core  in  °C:  . 

i  *  1 

d  is  the  core  diameter  in  m. 


If  we  replace  the  temperature  difference  between  the  center  and 
the  surface  of  the  core  At  in  formula  (2.26)  with  the  cited  expression  * 
we  obtain 


3r*=3 


.xb ' 


11.10-3 


From  this  formula  it  is  apparent  that  a  decrease  in  core  diameter  is 
an  effective  method  ^  ■'  reducing  maximum  thermal  stresses  since  these 
stresses  are  proportional  to  the  square  of  the  diameter. 


ft 

i 

Example  2.2.  Find  the  maximum  thermal  stress  in  a  fuel  element 
of  the  reactor  if  the  following  are  known:  core  diameter  5  mm, 

A  =  30  W/m’deg;  qv  =  0.^35-10^  W/nA  Obviously 


This  example  shows  that  significant  thermal  stresses  arise  with 
comparatively  small  dimensions  of  the  fuel  element  rod. 

Naturally  an  increase  in  the  dimensions  of  the  fuel  element 
increases  its  thermal  loading  and  can  cause  stresses  which  exceed 
the  yield  point.  In  this  case,  calculations  should  be  performed 
with  allowance  for  plastic  flow. 

The  physical  picture  of  the  stressed  state  will  be  as  follows. 

Since  the  stresses  exceed  the  yield  point,  plastic  flow  of  the 
metal  will  occur  in  the  fuel  element  core,  due  to  which  plastic 
deformations  will  appear  and  the  excess  thermal  stresses  will  be 
relaxed.  When  the  heat-releasing  element  is  cooled,  there  will 
appear  in  its  core  residual  stresses  of  opposite  sign  which  can  also 
be  called  metal  flow  if  the  yield  point  is  exceeded.  Since  the 
temperature  field  is  axisymmetrical ,  the  form  of  the  fuel  element 
remains  unchanged,  but  its  rupture  resistivity  will  be  weakened  due 
to  the  cyl}ic  nature  of  the^ loading. 

In  each  individual,  case  the  stress  level  is  determined  by  the 
degree  of  the  fuel  element's  thermal  intensity  In  low-power 

unstressed  reactors  Nwn  <  1  kVJ/kg.  After  finding  o aa  ,  a„,  the 

Jn  I  x 

strength  of  the  fuel  element  core  should  be  evaluated  from  formula 
(1.23) 

al  m*x  .  . 
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where 


I 


I 


t 


1  ‘  J  ‘ 

r  ! 

*  ‘  , 

i 

.  .  ! 

It  is  necessary  that  n  _>;1.  If  .this  is  not  the  case,'  calculations 
should  be  performed  in  greater  detail  with  allowance  for  the  plastic 
flow  of  the  material.  .  j 

i 

Laminated  fuel  elements  ‘  ,  .  ,  . . 

j  • 

A  laminated  fuel  element  whose  diagram  is  presented  in  Pig.  2.19  i 
is  installed  freely  in;a  housing.  The  quantities sE,  a,  At  =  t,  -  tQ 
are  given.  Find  ov. 

x  i 


i 

As  is  apparent  from  the  figure,  ‘the  temperature  gradient  is  i 

symmetric  with  respect  to  the  axis  of  the  fuel  element.  According 
to  the  common  method  of  finding  thermal  stresses,  we  fix  the  fuel 
element  rigidly  in  the  axial  direction  (Pig.  2. 19b)  and  find  stress 
o.^  from  the  reactive  forces  hrising  from  such  a  bracing: 


5»T 


■Eo.lt. 


! 


I 


(2.27) 

i 


The  factor  1/(1  -  p)  is  introduced  because  of  the  two-dimertsional 

i  * 

stressed  st^.te  of  the  plants,'  A  detailed  derivation  of  t^is  formula  ^ 
for  a  plate  will  be  given  In  Chapter  .V -  .  « 


i 


The  application  of  a  bopd  leads  to  a  violhtioh  of  the  bound iry 
conditions  of  the  freely  installed >plate.  We  reproduce  the  conditions 
by  the  appliqation  of  a  force  which  is  equal  and  opposite  to  the 


reactive  force  in  the  fixing: 

!  '  hi  2 ' 

P=  f  Ealbcfy. 

.  " 

I  • 

Stress  from  this  force  is 


i 


j 


fL  i 

Mi  “(1—  \>)bh 


hl2 

f  Eultb'fy. 

-W  ‘ 

k  i 


i 


(2.28)  . 
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I 
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Finally,  stresses  in  the  free  .plate,  are 


3=b,  — 


1  —  a 


h!l 

Eu it-1-- — \  Ed^ib'hj. 

•  <1  — u  )bh  i  , 


-hi  2  • 


(2.29) 


Figure  2. '19b,  c,  and  d  show  the  stress  diagrams  for  c^,  a 2  and  the 
.  total;  stress  diagram 'of  the  plate. 


Fife.  2.19.'  Finding  thermal  1  ’ 
stresses  in  a  laminated  fuel 
element.  ' 
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•  Sometimes  stress  equations  are  expressed  in  therms  of  thermal 

1  *  .  o 

fluxes.  If  qv  is i three-dimensional }heat  released  in  W/m  ,  and  X  , 
is  the  thermal  conductivity  coefficient i in  W/nrdeg,  formula  ( 2  J  29 ) 


will  have  the  form 

,  i 


I  I 


( 1  —  x  [3  2  \  (li/2)ijl  ' 


Stress  analysis  of  reactor- shell  s 


Let  us  mention  several  common  concepts  relating  to  shells. 


i  > 

By  a  shell^/e  m,ean  a  body]  which  has  one'of  three  measurements 
considerably  smaller  than  the  other  two.  The  two  surfaces  of  the  shell 
having  the  largest  dimensions  are  called  the  main  surfaces. 

■  1  i  ■ 
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The  locus  of  points  equidistant  from  the  main  surfaces  of  the 
shell  is  called  the  middle  surface.  The  geometric  shapes  of  a  shell 
are  completely  determined  by  the  shape  of  the  middle  surface  and  the 
law  of  variation  for  the  shell  thickness.  As  a  rule,  this  thickness 
is  constant. 

The  most  widely  used  are  shells  of  revolution,  i.e.,  shells 
which  have  a  middle  surface  formed  by  the  rotation  of  any  plane 
curve  around  an  axis  lying  in  the  plane  of  this  curve  and  called 
the  generatrix. 

If  the  middle  surface  is  a  plane,  the  shell  is  called  a  plate. 

The  curve  formed  on  the  surface  of  the  shell  by  the  intersection 
of  it  by  the  plane  passing  through  the  axis  is  called  the  meridian. 
Obviously  the  meridians  agree  with  the  generatrices  of  the  shell. 

The  meridian's  radius  of  curvature  at  any  point  is  called  the  first 
principal  radius  of  curvature  R-^  of  the  surface  at  a  given  point; 
the  radius  of  curvature  of  the  curve  obtained  from  the  intersection 
of  the  surface  by  a  plane  perpendicular  to  the  meridian  is  called 
•the  second  principal  radius  }R2  of  the  surface  at  a  given  point. 
Sometimes  the  word  "principal"  is  omitted. 

The  radii  R-^  and  R2  are  variable  quantities  characterizing  the 
geometry  of  a  shell  of  rotation.  Completely  geometric  forms  of 
a  shell  of  revolution  are  characterized  by  these  two  radii  and  the 
angle  0,  formed  by  the  normal  to  the  middle  surface  and  the  axis 
of  symmetry.  Figure  2.20  presents  these  parameters  for  various 
types  of  single-layer  shells. 

In  engines,  in  addition  to  simple  single-layer  shells,  complex 
two-  and  multilayer  shells  are  used,  which  have,  as  a  rule,  the 
shape  of  a  body  of  revolution.  Between  the  walls  of  the  shells 
flows  liquid  or  gas,  frequently  used  for  cooling  the  walls.  Various 
types  of  complex  multilayer  shells  are  shown  in  Fig.  2.21. 


In  many  cases,  we  can  assume  that  the  stresses  arising  in  the 
shell  are  uniformly  distributed  throughout  the  thickness.  Shell 
theory  constructed  on  this  assumption  is  called  momentless  theory. 
This  corresponds  to  cases  when  the  shell  has  no  sharp  transitions 
or  rigid  attachments  if  it  is  not  loaded  with  concentrated  boundary 
forces  and  moments . 


(c)  (d) 


Fig.  2.21.  Types  of  mu1tilayer  shells. 
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Equations  of  equilibrium  for  an  axisymmetric 
single-layer  shell 


We  shall  examine  the  equilibrium  of  an  element  of  an  axisymmetric 
shell  (Pig.  2.22)  cut  by  two  meridional  and  conical  surfaces. 

We  assume  that  the  x-axis  and  the  displacement  along  this  axis 
u  are  directed  along  a  tangent  to  an  arc  of  the  meridian,  the  y-axis 
and  v,  respectively,  along  a  tangent  to  an  arc  of  the  circle,  and 
the  z-axis  and  w  along  the  normal.  If  the  strain  of  the  shell  is 
axisymmetric,  displacement  v  is  absent. 


We  apply  to  the  faces  of  this  element  internal  forces,  and  at 
point  A  external  forces. 


We  designate  with  the  symbols  N0  and  N q,  the  pull  which  occurs 
per  unit  length  of  an  arc  of  corresponding  cross  section  (in  N/m2) : 


where  S-^,  S2  is  the  length  of  the  arc  of  Ihe  element. 


Fig.  2.22.  Derivation  of 
equilibrium  equations  for  shell 
element . 


.?  v  * 


"'f  5, 


The  quantities  R2,  h,  p  (N/m2)  are  known,  where  p  is  the 
pressure  of  the  working  medium,  h  is  the  thickness  cf  the  element. 
Find  ofl,  o9,  n. 

Obviously,  the  meridional  a0  and  peripheral  stresses  will  be 

Vk  "o  .  „  . 

r~  h  -»s,  • 

We  project  all  forces  onto  the  z-axis ;  their  sum  must  be  equal  to 
zero: 

J  :V„  =  -  2.V,  sin-i-=  -  .V,S  =  -  ,V4  |i- ; 
J.V„=-A?,Aj  P=-.,,S,S2. 


The  equilibrium  condition  is  written  as 


--.'V, 


Sj_ 
’ Ri 


:V,^  f  /;S,S2 


0. 


Hence,  after  dividing  the  entire  equation  by  S^Sgh,  we  obtain 


(2.30) 


Here  the  two  unknowns  are  aQ  and  .  The  second  equilibrium  equation 
of  the  system  is  set  up  for  part  of  the  shell  (Fig.  2.23)  cut  off 
by  the  normal  conical  see  ion.  To  add  to  the  available  load  p  we 
allow  for  the  possible  internal  distributed  load  pt  applied 
indicated  in  Fig.  2.23. 


*■ 


* 
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Pig.  2.23.  Equilibrium 
of  a  shell  element. 


P 


The  sum  of  the  projections  of  the  forces  onto  the  x-axis  must 
be  equal  to  zero.  The  projections  of  these  forces  onto  the  x-axis 
are 

-\\t=  *V <,‘2xr 0 sin 0O;  dPx=*p2xrdSx cosO;  dS.=—  . 

cosO 

*  *  * 

After  integration  we  obtain 

e 

Px—  —  j  p2nrdr 

0 

and,  analogously, 

4  h 

Pt,  =  \  sin  MS\  =  J  Pi 2.'Tr  tg  Or/r. 

0  0 


The  equilibrium  condition  is  written  as: 

—  $  0 

.Y,L.’nr0  sin  0o  —  j  /;2 xrdr  —  j  pt2xr  tg  hd  r. 


where 


___  H  " 

W6rosin0o= j  (p- pttgO)rdr. 


(2. 31) 
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If  the  external  load  is  zero,  then  sin  6 q  -  f  prdr  or 

o  0 

after  integration  NQ  sin  0Q  =  pTrr  .  Equations  (2.30)  and  (2.31) 
enable  us  to  obtain  the  unknown  stresses  a q  ana  in  an  axisymmetric 
shell. 

The  supporting  power  of  a  single-layer 
spherical  shell 

Spherical  shells  are  found  in  auxiliary  devices  for  the  reactor 
unit.  Stress  in  a  single-layer  spherical  shell,  filled  with  gas  or 
liquid  at  pressure  p,  is  determined  from  expression  (2.30).  For 
the  sphere  1^  =  R2  =  H,  aQ  =  =  a  and 

o—pRj'lh.  (2.32) 

The  walls  of  the  sphere  are  in  a  plane-stressed  state  but  this 
does  not  affect  its  supporting  capacity  since 

and  the  coefficient  of  safety  is 


9 1  mtx 


A  spherical  shell  is  the  most  reasonable  design  for  volumes 
found  under  high  pressure.  In  the  systems  encountered  we  should 
assume  n  =  1.1-1. 2.  Figure  2.24  shows  the  formation  of  a  welded 
seam  in  a  spherical  shell. 

The  supporting  capacity  of  a  single-layer  cylindrical  shell 

Cylindrical  single-layer  shells  are  frequently  encountered  in 
various  design  elements  (Fig.  2.25).  Based  on  the  known  quantities 
R,  h  and  p,  let  us  find  oQ,  o< p  and  n. 


132 


I 


m 


m 


if 


m 


m 


ft 


W 


t 


I 


ft 


*/ 


I 


* 


E 


ft 


K-: 


V 


i 

The  first  equilibrium  equation  for  an  element  cut  out'  of  a 


cylindrical  wall  is  obtained  from  expression  (2.30)  by  substituting 


*  «  and  R2  =  R: 


■  i 


:  :  (2.33) 

i 

The  stress  oa  =  o  we  find  by  dividing  the  forces  acting  on  the 
bottom  by  the  cross  section  of  the  shell.  As  we  know,  if  uniformly 
distributed  pressure  acts  on  any  surface ?  then,  regardless  of  the 
shape  of  the  surface  (see  1,  2,  3  on  Pig.  2.25b),  the  projection  of 
the  equally  acting  forces  of  pressure  onto  a  given  axis  is'  equai  to 


the  product  of  the  pressure  p  times  the  area  of  the  surface  projection 


onto  a  plane  perpendicular  to  the  axis. 


Pig.  2.24.  Formation  of  a. 
welded  seam  in  a  spherical 
shell. 


Consequently,  regardless  of  the  shape  of  the  bottom,  the  for'e 
pulling  the  shell  in  the  direction  of  the  x-axis,  1 


Nx=xR2p, 


and  the  stress 


P'tRi  pH 


2 xRh  .  2 h 


,  (2.34) 
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Pig.  2.25.  A:  cylindrical 
single-layer  shell. 


Thus,  the  peripheral  stress  in  the  walls  of  a  cylindrical 
shell  is  twice  as  great  as  ithe  axial  stress  o  .  Also  important  Is 

„  A 

the  fact  that  this  peripheral  stress  is  almost  equal  to  the  equivalent 
stress  which  determines  the  strength  and  the  supporting  capacity  of 
the  shell.  Actually,  equivalent  stress 


since  =  O.^c^.  i  ! 

The  formula  ,(2.33)  is  widely ’used  in  rough  calculations  of  more 
complex  design.  !  i  :  ( 

I 

The  safety  coeffiqient  of  the  shell  is  found  by  the  usual  method: 

i  ' 


C9 


(2.35) 


depending  upon  the  purpose  of  the  element  n  =  1. 2-1.5 • 

i  1  1  1 

End  plate  of  a  cylindrical  shell 

I 

Frequently  single-flayer  cylindrical  shells  have  a  closed  shape. 

I 

One  of  the  possible  forms  of  the  end  part  is  a  sphere  with  a  radius 
equal  to  the  radi.us  of  the  cylinder,  i.e.,  r  =  R  (Pig.  2.26). 
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The  wall  stress  of  this  sphere  is  determined  from  formula  (2.32) 


The  wall  stress  of  the  cylinder  c  =  pr/h  =  a .  The  spherical 
end  plate  of  a  cylindrical  shell  with  the  radius  of  the  sphere  equal 
to  the  radius  of  the  cylinder  is  not  a  reasonable  design  with  respect 
to  either  weight  or  dimensions.  As  seen  from  Pig.  2.26a,  if  the 
thicknesses  of  the  cylinder  material  and  the  end  plate  are  identical, 
stresses  oi  in  them  will  be  different;  =  pr/2h  =  0.5^  c; 

°i  =  °*87  pr//h  E^h/i  =  cylinder];  the  structure  will  be 
too  heavy.  A  decrease  in  the  thickness  of  the  end  plate  by  a  factor 
of  two  (Fig.  2.26b)  does  not  lead  to  an  equally  strong  construction. 
There  is  a  new  disadvantage  -  the  weld  seam  is  located  at  the  point 
where  the  cylinder  changes  into  a  sphere.  A  change  in  the  thickness 
of  the  material  in  the  design  is  also  technologically  undesirable. 

The  dimensions  are  as  large  as  before. 

The  two  designs  of  end  plates,  presented  in  Pigs.  2.27a  and  b, 
are  also  not  reasonable  since  in  them  bending  moments  load  the 
transitional  parts  of  the  shells.  * 

If  we  assume  that  the  radius  of  a  spherical  end  plate  is  r  -  2R, 

the  additional  maximum  pulling  stress  from  bending  o„  =  a  at 

X  x  rn&  x 

point  A,  which  is  found  on  the  internal  surface  of  the  element 
(Pig.  2.27),  exceeds  c  in  the  two  indicated  cases  (a  and  b)  by  at 
factor  of  30  and  by  a  factor  of  6,  respectively,  i.e., 

°x  max  s  30°?  c  and  °x  max  =  6af  c' 

Considerably  more  reasonable  is  an  end  plate  of  elliptical 
shape. 

Stress  analysis  of  an  elliptical  end  plate 

The  elliptical  shape  is  taken  for  an  end  plate  of  reactor 
housings  and  of  various  volumes.  We  know  that  for  an  ellipse  with 
semiaxes  a  and  b  the  principal  radii  of  curvature  (Pig.  2.28a)  will 
be  expressed  by  formulas : 
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These  formulas  enable  us  to  plot  the  elliptical  surface.  Given 
the  angle  a  of  the  vector's  radius  (this  angle  agrees  with  angle  6), 
we  find  the  radii  of  curvature  Rx  and  R2,  after  which  we  plot  the 
ellipse.  For  example, 

«  —  0,  R\  —  R*  =  'i2lb;  u-rt/2 ,  R\-=bVa\  Ri  -  a. 

We  find  stresses  aQ  acting  on  the  element  in  a  meridional 
direction.  Let  us  project  the  forces  acting  on  the  shell  element 
onto  the  x-axis.  We  obtain  (Fig.  2.28a)  N0  sin  ct2iTr  =  prrr2,  where 
r  =  R2  sin  a,  or 

pr  pR2 

°,_T ~  2.fna«  ~  2*  '  (2.37) 


Fig.  2.28.  Determining  stresses  in  an  elliptical  end 
plate. 

Substituting  (2.37)  into  the  basic  equation  (2.30)>  we  find 
the  stress  acting  in  a  peripheral  direction: 
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Formulas  (2.37)  and  (2.38)  enable  us  to  compute  the  stress  in 
an  elliptical  end  plate  or  an  elliptical  vessel. 

Example  2.3.  Find  the  stress  in  an  elliptical  end  plate  at 
points  0  and  A  if  its  dimensions  a  *  R;  b  =  0.5R  of  a  cylindrical 
shell.  The  stresses  in  the  end  plate  depend  upon  the  radii  of 
curvature  and  R2,  which,  in  turn,  depend  upon  the  dimensions  a 
and  b  of  the  ellipse. 


The  stress  at  point  0  (lying  on  the  axis  of  symmetry): 


pR%  _  pR 
5''==5*“  2h  ~  h  ' 


Thus,  the  stress  at  point  0  of  the  elliptical  end  plate  is 
equal  to  the  peripheral  stress  of  a  cylindrical  shell. 

The  stress  on  the  equator  at  point  A: 


(0,5/ffi 

R 


0,25  R; 


R2  =  a  —  R; 


~  2h  ~  2h  l 


Rj  \  _  __  pR 
2  RxJ  h 


The  meridional  stresses  at  point  A  are  equal  to  the  axial 
stresses  in  a  cylindrical  shell.  Peripheral  stress,  however,  on 
the  equator  achieves  negative  values.  A  stress  diagram  is  shown 
in  Fig.  2.28b.  Here,  however,  the  diagram  is  drawn  for  generalized 
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stresses.  Maximum  generalized  stresses  in  the  equatorial  cross 
section  are  .  : 


Y °e~*36<?9  ■  1 


Substituting  =  -u . 5^  c,  we  obtain  at  point  A  stress  a ^  =  1.32o^‘ 
The  stress  a ^  is  equal  to  Cg  where  on  !the  en'd  plate  is  eqjual  to 


zero. 


0,ZSK 


tfxmax 


:  (5\j»c 

TTT^I  . 


P  \ 

_  >  (5,p=(50=5^c 

(a)  '•  0?) 

M  > 

Fig.  2.29.  Bending  stress  at  coupling  points. 


Thus,  in  the  central  part  of  th\e  end  plate  the  generalized 
stresses  are  almost  equivalent  to  stresses  in  a  cylindrical  shell'. 
Consequently,  an  elliptical  end  plate  can  bd  made  of  Almost  equal 
strength  with  a  cylindrical  shell  by  varying  the  dimensions  a  and 
b  of  the  ellipse.  *  •  ,  . 

i 

i 

The  disadvantage  of  an  elliptical  end  plate  is  the  .variable 
value  of  the  radius  of  curvature  with  respect  to  angle  a.  pometimes 
the  end  plate  is  formed  similarly  to  an  elliptical  one  but  with  the 
radii  of  two  circumferences  (Fig.  *2.29) .  '  ‘  V 

j  1 

The  maximum  stress  at  point  A  as  a  result  of  the  appearance  of 

) 

bending  moment  Mx  will  be  [^33  cx  max  =  (r/6.6p)a(p  c,  and:  if 
p  =  0.25F,  as  is  frequently  the  case,  then  ox  *il.25c<p  c,  i.e., 
very  nearly  the  maximum  stress  of  a  cylindrical  shell. 
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In  critical  structures  the  small  overstressing  at, point  A  can 
be  compensated  by  structural  methods.  An  effort  is  made  not  to  locate 

'  '  j 

>  the  welding  seams  ofi  the  end  plate  at  a  bending  point  of  the  shells 

k  I  • 

(Fig.  2.30a),;  sometimes  the  reinforcing  ring  is  introduced  at  a 
sharp  angle  (Fig.  2.30b).  !  i 


Q  ^  0,2  SR 


'  <><'  0,25R 


,  Fig.  2.30.  Structural  diagram  of  couplings.  ,  , 

' 

Such  structural  methods  provide  a  uniformly  strong  structure 
for-'  the- end  plate  and  eliminate  the  need  for  additional  stress 

*  '  »  i  (  , 

analyses.  If,'  however,  additional  stresses  cannot  be  avoided,  the 

I 

safety  coefficient  must  be  evaluated  according  to  the  usual  formula 

i*i  * 


‘  ■  »  •  i 

°/  max 

i  •  i 

i 

where  n  =  1.2-1. 5  depending  upon  the  specific  conditions.  •  •' 

f  ' 

i 

•Supporting  capacity  of  a  two-layer 'cylindrical  she'll  ■ 

!  1  '  !  1 
,  We^n'alyze  the  two^- layer  shell  whose  element  is  shown  in  Fig.  2.31 

for  supporting  ability  based  on  zero-moment  theory . '  We  shall  examine  ' 

the  joint  deformation  of  nonidbntically  heated  shells,  connected  by 

rigid1 longitudinal  bonds.  The  type  of  bond  has  no  effect  on  the 

l 

total  supporting  capacity.  Usually  the  rigidity  of  bonds  is  com-  i 

l  1 

paratlvply  high  although  structurally  they  can  be  made  quite  > 
differently.  1  '  ' 


-  ^ 


Shells  in  the  reactors  which  we  shall  examine  below  experience 
force  and  temperature  effects.  The  temperature  of  the  heat-transfer 
agent  in  the  reactor  can  be  quite  high.  The  wall  temperature  of 
the  shell,  which  touches  the  hot  working  medium,  will  be  substantially 
lower  due  to  cooling;  however,  it  remains  nevertheless  so  high  that 
this  has  a  noticeable  effect  on  the  mechanical  and  strength  properties 
of  the  shell  material.  The  most  severely  heated  is  the  wall  touching 
the  hot  working  medium.  It  can  have  a  temperature  of  800-1000°C  and, 
in  some  cases,  even  higher. 

The  wall  temperature  depends  greatly  on  its  thickness.  The 
thicker  the  wall  the  higher  its  heat  resistance  and  the  higher, 
consequently,  its  temperature  and  the  lower  the  strength  indices 
of  the  material. 

At  high  temperatures,  which  working  media  have,  it  is  impossible 
to  increase  the  strength  of  the  hot  shell  by  increasing  its  thickness. 
This  would  lead  to  overheating,  local  fusion,  and  washing  out  of 
metal. 


Pig.  2.31.  Diagram  of  an  element 
of  a  two-layer  cylindrical 
shell. 


Thus,  the  shell  touching  the  hot  working  medium  must  be  rather 
thin  in  order  to  provide  the  necessary  heat  transfer  and  to  maintain 
a  low  temperature.  On  the  other  hand,  it  mu3t  be  sufficiently  strong 
in  order  to  maintain  a  pressure  drop  between  the  interhousing,  and 
the  working  spaces. 
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The  second  shell  is  the  main  load-bearing  element  which  receives 
both  the  full  pressure  drop  of  the  working  medium  and  the  ambient 
medium  and  the  load  of  the  unit  as  a  whole.  The  temperature  of 
this  shell  is  considerably  less  than  the  first  and  does  not  exceed 
the  temperature  of  the  cooling  liquid.  Its  thickness  is  determined 
not  by  the  conditions  of  heat  transfer  but  is  dictated  wholly  by 
strength  considerations. 

Figure  2.32  shows  the  probable  pressures  and  temperatures  of 
two-layer  shells  of  reactors  in  a  working  mode.  This  is  the  main 
design  mode  for  which  careful  check  of  shell  strength  is  required 
[26],  [30]. 

As  seen  from  Fig.  2.32,  the  first  shell  experiences  a  small 
pressure  drop  but  is  severely  heated.  The  second  shell,  on  the 
other  hand,  is  moderately  heated  but  is  loaded  with  a  large  pressure 
drop.  The  pressure  drop  is  not  great  if  in  the  interhousing  space 
a  liquid  metal  is  flowing.  The  pressure  drop  is  great  if  the 
cooling  working  medium  is  fluid  and  particularly  gas. 

The  second  design  mode  is  the  mode  of  hydrocompression.  Into 
the  interhousing  space  of  the  shells  a  cold  engineering  fluid  is  fed 
under  full  pressure  for  a  short  test.  This  technological  loading  of 
a  shell  is  a  very  grave  task  since  the  thin-walled  first  shell,  which 
does  not  experience  such  drops  in  the  working  mode,  is  under  the 
full  pressure  drop  In  this  test.  Neither  the  shells  themselves,  nor 
the  connection  between  them,  nor  the  solder  should  be  damaged  as  a 
result  of  the  hydrocompression. 

The  low  temperatures  »nd  short  duration  of  this  mode  should  be 
kept  in  mind.  Such  a  test  is  not  only  a  strict  technological  check 
of  design  quality;  such  modes  can  occur  when  an  ERE  is  started. 

Analysis  of  a  two-layer  cylindrical  shell  without 
allowance  for  axial  load 

In  this  analysis  onJ  *  peripheral  stresses  in  the  shell  are 
examined,  assuming  that  there  are  no  other  stresses,  for  example, 


axial  stresses.  Simplicity  fully  justifies  the  errors  which  will 
be  present  in  the  calculations. 


(a.)  (b) 


Pig.  2.32.  Example  of  temperature  gradient  and  pressure 
gradient  in  two-layer  shells:  Wm  -  liquid  metal;  H{  - 
liquid;  r  -  gases;  1  -  hot  shell;  2  -  cold  shell. 

One  of  the  peculiarities  of  this  analysis  is  also  the  fact 
that  ordinarily  analysis  is  made  on  the  ductility  reserve  since 
two- layer  shells,  in  most  cases,  are  used  as  pipes  for  carrying  the 
working  fluid  where  the  pass-through  sections  must  preserve  their 
basic  parameters  throughout  the  operation  of  the  design. 

We  know:  p  is  the  pressure  of  the  gas  for  the  liquid  in  the 
r  2 

working  cavity  of  the  unit  in  N/m  ;  p  is  the  pressure  in  the  inter- 

2  n 

housing  space  in  N/m  ; .  the  geometric  dimensions  of  the  shells  and 
the  unit  are  h,  R;  the  coefficient  of  linear  expansion  for  the  shell: ' 
material  a  and  their  mean  temperature  t;  operating  time  t,  shell 
strain  diagram  0  =  Ee.  Find  a^,  a",  nQ  2- 

All  parameters  relating  to  the  inner  shell  we  shall  designate 
with  one  prime,  and  parameters  relating  to  the. outer  shell  with  two 
primes.  Let  us  assume  that  the  radii  of  the  shells  are  near  each 
other,  i.e.,  R'  *  R"  *  R.  We  shall  also  keep  in  mind  that  the 
connections  of  the  shells  are  undeformable  in  a  radial  direction 
and  pliable  in  a  peripheral  direction. 


Let  us  examine  the  equilibrium  of  an  element  taken  from  a  shell 
(see  Fig.  2.31)  with  central  angle  d^,  for  which  within  this  element 
we  separate  4  he  inner  shell  from  the  outer  shell.  Gas  pressure  p, 
pressure  in  the  inner  shell  space  p^,  and  contact  pressure  p^,  which 
is  an  averaged  pressure  of  the  forces  of  the  connection  between  the 
shells,  act  on  the  internal  shell. 

Pressures  p  and  p  act  on  the  external  shell;  we  disregard  the 
pressure  on  the  external  surface  (If  it  is  substantial,  it  must  be 
taken  into  account).  If  we  applied  the  vectors  of  the  peripheral 
stresses  and  a",  we  write  the  condition  for  shell  element 
equilibrium,  indicated  in  Fig.  2.31j  according  to  formula  (2.33). 

We  obtain 


where  p  is  the  current  value  of  the  gas  or  liquid  pressure. 


Eliminating  (pH  +  p(<)  from  these  equations  we  obtain 


h'o-\-h"s'~pR: 


(2.39) 


In  this  equation  there  are  two  unknowns  and  c^;  we  supplement 
equation  (2.39)  with  the  strain  compatibility  equation. 


A  peculiarity  of  strains  in  an  axlsymmetric  (in  this  case, 
cylindrical)  element  is  the  inter-relationship  (usually  called 
compatibility)  of  the  strains  in  radial  and  peripheral  directions. 

Let  us  examine  the  elongation  of  element  ab  (Fig.  2.33)  up  to  the 
dimensions  a^b^;  in  view  of  the  axial  symmetry,  points  a  and  a^,  b  and 
b-^  remain  on  the  radii  of  this  element. 


The  full  relative  strain  of  the  element  in  a  peripheral  direction 
is  easily  determined: 


(2.40) 


,  -  ^h—ab_  (fl  +  A/?) d?  —  Rd<t  AR 

ab  R(t?  ~  R 


This  full  relative  peripheral  strain  of  each  shell  will  be 
made  up  of  elastic  and  thermal  strains  and  if  we  allow  for  the  fact 
that  we  have  assumed  R*  =  R'1  =  R,  the  second  missing  equation  will 
have  the  following  form: 


s3„  =  2’4-a 7*  =  t  -J-a'T 

r"  ?  *.  'cp  ?  >  ‘cp  ft 


(2.41) 


Here  and  are  only  the  elastic  strains  of  the  shells  in 
the  peripheral  direction  and  cx't^p  and  a"tjl  [cp  =  average]  are  their 
thermal  strains. 


Let  us  show  the  order  of  the  numerical  stress  analysis  based 
on  formulas  (2.39)  and  (2.4l). 


t=t' 


^  '  t y  € 

Fig.  2.33-  Derivation  of  strain  Fig.  2.34.  Determining  . 
equations. 

We  shall  assign  the  quantity  ecp  n  =  eq>  n  =  e,<j,  n  =  AR/R.  Based 
on  this  quantity  and  the  known  a’t  and  a"tcp,  we  find 

e  =e*  —a 7'  :  e’=e'  —aY 

f  9  n  cp*  p  p  n  w  f cp* 

Then,  according  to  the  diagram  c  =  f(e)  we  determine  and 
Op  (Fig.  2.34).  Here,  based  on  the  known  and  o^,  we  find 
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and  plot  the  function  p  =  f(AR)  (Pig.  2.35)*  On  the  curve  we  locate 
the  point  of  the  given  pr  (point  3)  and  determine  the  reserve  of  the 
total  supporting  capacity  of  the  shell  -  the  ratio  of  limiting 
pressure  of  the  working  gas  or  liquid  Pnpefl  b°  their  working  pressure 

pr. 


The  quantity  Pnpefl  is  determined  according  to  the  graph  of 
function  p  =  f(AR)  (Pig.  2.35).  On  this  graph  we  note  point  *1,  at 
which  the  straight  line  drawn  from  the  origin  of  coordinates  is 
tangent  to  the  curve  p  =  f(AR).  This  point  determines  the  beginning 
of  large  strains  which  are  dangerous  with  respect  to  a  change  in  the 
geometric  dimensions  of  the  shells.  The  pressure  corresponding  to 
the  point  !l  we  shall  call  limiting  pi’essure  Pnpefl.  If  on  this 
diagram  we  plot  the  calculated  working  fluid  pressure  pr>  then  the 
ratio  of  Pnpefl  to  Pr  will  be  the  safety  coefficient  (loading 
capacity)  n0  2  of  the  shell: 

PnpcnlPr'  (2.^2) 

The  quantity  nQ  2  must  be  within  1.3-1. 8. 

On  this  same  diagram  we  plot  the  stress  curves  and  and 
note  the  characteristic  points. 

Point  1  corresponds  to  the  position  where  the  outer  shell  is 
stretched  due  to  the  heating  of  the  inner  shell.  The  external  pressure 
p  on  the  shell  is  zero. 

Point  2  illustrates  the  extension  of  the  outer  shell  by  pressure 
p  and  by  the  inner  shell  due  to  its  thermal  elongation.  The  com¬ 
pressive  stresses  of  the  inner  shell  during  its  thermal  expansion 

t 

are  completely  compensated  by  its  extension  as  a  result  of  the 
application  of  pressure  p. 
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!  ’  ! 
Point  3  corresponds  to  the  stressed  state1 of  shells  in  working 

mode.  They  are  loaded  by  pressure  p’  so  that  both  shells  are 

r  •  « 

stretched  and  both  participate  in  the  operation. 


,  -I 


I 


‘  I 


J 


Pig.  2.35*  Stresses  and  safety  Pig.  2.36.  Variation  in  'the  co'ef- 
coefficient  in  two-layer  shells,  ficient  of  linear  expansion  for 
KEY’  (1)  p  N/m2  steels  versus,  heading  temperature. 

KEY:  (1)  !Khl8N9T;  (2)  £165*1; 

(3)  Steel.  •  i 


i 

Point  *J  is  the  point  of  maximum  pressure  after  which  deformation  , 
of  shells  cannot  be  permitted.  This  is  the  plasticity  limit  of 
shells.  Further  loading  can  lead  to  inadmissible  changes  in  t^he  , 

cooling  channel. 

*  i 

•  t 

I 

The  breaking  pressure  corresponding  to  design  strength  is  easy 
to  find  on  the  diagram.  This  is  the  maximum  pressure  p.  ' 

i 

1*J7 


i 


I 


Example  2.4.  Let  a  two- layer  shell  be  given  with  dimensions: 


i~3 


m. 


R  ='9.;2  cm  =  9.2-10  *  m,  h*  =  h"  =  1.5  mm  =  1.5*10' 

i  i 

The  mean 'temperatures  of  the  inner  and  outer  walls  are 
t'  =  575bC;  t"  ,  =  100° C ;  shell  material  is  Khl8N9T  steel.  Thermal 

cp  cp 

elongations . are  determined  from  the  graphs  presented  in  Pig.  2.36, 
from  which  it  is  apparent  that  a't  =  0.0104;  a " ^ cp  =  ^-0016. 


} 

A 

3 


The  stretch  diagrams  for  Khl8N9T  steel  at  temperatures  of  575 
and  100°C  art,  presented  in  Pig.  2j.37.  We  assume  that  at  negative 
values1  of  'c_  the  diagram  om,  em  has  the  same  shape  as  at  positive 

,  y  ?  t  ‘  y  f 

values  but  the  sign  of  om  reverses.  The  working  pressure  p  =  40 -1J- 

2  j  _-i  ' 

N/m  .  V/e  assigned  the  value  AR  =  0.25 ‘10  m. 


Fig.  2.37.  Strain  diagram  for  stainless  steel. 
KEY:  '(D.M/m2;1  (2)  Khl8N9'f  steel. 
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Now  we  seek  the  pressure  of  the  gases  which  cause  this  radial 

strain.  For  this  we  find  from  formula  (2.41)  n  =  AR/R  =  0.25/92  = 

a  2.72*10”^.  Next  we  find  e'  and  e": 

9  <P 

=  2,72*  10”3~  10,4. 10~"3  =  —  7 ,68- 10~3; 
t"  =  s.  —  a"t"  —  2,72- 10  3 —  1,56*  10~ 3=  1 ,06*  10“3. 

f  r  “ 

According  to  the  known  values  of  relative  strains  e'  and  e" 

9  9 

from  the  graph  a  =  f(e^)  presented  in  Fig.  2.37>  we  find  the  value 
of  the  stresses 

o'  =  -21.4-107  N/m2  and  a"  =  9.4*107  N/m2. 

9  9 

As  mentioned  above,  we  assume  that  with  negative  values  of 
e<p  the  diagram  a  =  f(e)  has  the  same  form  as  at  positive  values, 
only  the  sign  of  changes. 

At  low  values  of  the  stress  can  be  directly  calculated 
from 'formula  =  Ee^,  where  the  Young's  modulus  for  each  temperature 
is  taken  from  the  graph  presented  in  Fig.  2.38. 

In  our  case,  E'  =  1.6-1011  N/m2;  E"  =  2,1011  N/m2. 


Fig.  2.38.  Variation  in  the  Young's  modulus  of  various  materials. 
KEY:  (1)  N/m2;  (2)  Steel. 
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Finally ,  from  formula  (2.39)  we  determine 


The  obtained  value  p  =  3- 3' 10^  N/m^  indicates  that  the  selection  of 
AR  has  been  unsuccessful  since  the  pressure  inside  the  shells 
Pr  =  !I0  ’  10 ^  M/m" .  Let  us  continue  calculations  until  we  obtain  the 
full  curve  p  =  f(AR),  after  assigning  other  values  for  AR  (see 
Table  2.1). 


Table  2.1. 


(1) 

d 

c 

H 

O 

% 

(2) 

‘I’VHKHIIfi 

(3) 

O 

In 

c 

>o 

Di 

O* 

1! 

1 

<3 

1/5 

ic  r- 

cT  cf 

II  II 

O  O  • 

ctr 

<  < 

1C 

sc^ 

o' 

II 

co 

O 

or 

<3 

O 

1 

CO 

O 

<k  ; 
o 

1C 

f— 4 

II 

CO 

o 

♦ 

<1 

lO 

1 

8 

I—* 

1 

S=:i-A  !R 

10-3 

2.72 

5,44  8,16 

9,52 

! 

10,90 

13,6.1 

16,32 

2 

y=«9,-a*  f 

10-3 

-7,68 

-4,96  -2,24 

-0,88 

0,50 

3,21 

5.92 

3 

£;=E=„-a"/" 

10-3 

1,06 

3,78  6,50 

7,86 

9,24 

11,95 

14,66 

4 

t 

107 

-21 

-20,4  —16,8 

-10,8 

8 

18,8 

20,8 

5 

• 

Co 

107 

19, -1 

27,8  29,4 

30 

30,4 

31,2 

31 ,8 

6 

10* 

-32,1 

-30,6  —25,2 

-16,2 

12 

28,2 

31,2 

7 

h"  <;* 

lot 

29,1 

41,7  44,1 

45 

45,6 

45.8 

47,7 

8 

(■')•!- (7) 

101 

—3 

11,1  18,9 

28,8 

57,6 

75 

i 

78,9 

9 

105 

-3,3 

12,1  20,6 

31,3 

62,5 

81,5 

85,5 

KEY:  (1)  Line  number;  (2)  Function;  (3)  Factor. 

The  results  of  calculation  are  presented  in  the  form  of  a  curve 
(Fig.  2 . 39 ) -  On  the  figure  we  see  the  variations  of  and  as 
the  function  of  AR.  Note  on  these  curves  the  points  corresponding  te 

r  *> 

the  pressure  pr  =  JlO-lCr  N/m" . 


*• 


* 


As  is  apparent  from  Fig.  2.39,  the  increase  in  shell  radius  at 

-3  . 

working  pressure  is  0.9 *10  J  m.  The  stress  in  the  outer  shell  Xr. 
o'i  =  30 ‘io^  N/m2  and  in  the1  inner  shell  is  o'  =  -6.*  10^  N/m2;  the 

T  <j) 

latter  stress  is  compressive  which  is  explained  by  the:  great  thermal 
elongation  of  the  inner  shell./  If  the  working  pressure  were  higher 
the.  stress  in  the  inner  shell  would  be  tensile  stress. 


Fig.  2., 39.  The  stressed  state 
of  sheils  as  a  function  of 
radial  strain. 


The  curves  presented  in  Fig.  2.39  show  that  when  p  =  0  there 
is  a  certain  strained  state  caused  by  the  thermal  expansion  of  the 
inner  shell. 


It  Is  important  to  note  that  on  the  pressure  variation  curve 

two  sections  of  sharp  increase  are  observed.  The  first  section  with 

_o 

low  AR  and  the  second  with  AR  =  0.9*10  m.  This  is  explained  as 
follows.  If  the  pressure  is  low,  the  external  shell  operates 
elastically  and.  with  a  rise  in  pressure,  strains  slowly  increase. 

If  the  pressure  is  greater  than  a  certain  magnitude,  in  the  outer 
shell  plastic  flow  will  occur;  now  it  will  be  loaded  not  only  by  the 
forces  of  pressure  but  also  by  forces  from  the  direction  of  the 
inner  and  more  severely  heated  shell.  A  rapid  increase  in  AR  occurs 
with  an  insignificant  rise  in  pressure. 
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At  high  pressures  shell  resistance  again  grows  (sharp  rise  in 
.pressure  curve).  This  occurs  when  elongation  under  the  effect  of 
pressure  exceeds  thermal  elongation.  Then  the  inner  shell  begins  to 
extend  and  is  put  into  operation. 


Finally,  as  is  apparent  from  the  curve  presented  in  Fig.  2.39> 

k  ; 

at  pressures  above  p  =  70*10  N/m  ,  a  sharp  increase  in  plastic  flow 
occurs  in  the  shells. 


Supporting  capacity  of  the  shell  is  nn  0  =  75*  lO'VilO*  10J  =  1.87 

c  p  u  ^ 

where  p  =  75 *10J  N/m  and  J.s  determined  by  the  above  method, 
^npefl 


Analysis  of  a  two-layer  shell  with  allowance 
for  axial  loading 


Let  us  cut  an  element  out  of  the  shell  and  apply  to  it  all  the 
known  loads  (Fig.  2. *10).  As  in  the  preceeding  case^  we  know  the 
pressures  pr,  pM,  the  geometric  dimensions  of  the  shells  h,  R,  the 
coefficients  of  linear  expansion  for  the  material  a,  the  mean  heating 
temperature  t,  the  shell  operating  time  t,  and  the  strain  diagram 
of  the  material  a  =  Ee.  We  must  find  ax ,  and  nQ  2> 


We  shall  assume,  as  before,  that  the  shell  is  in  the  zero- 
moment  state.  The  main  difficulty  lies  in  the  fact  that  the  supporting 
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capacity  of  a  shell  in  a  two-axis  stressed  'state  is  determined  with 
the  strain  diagrams  obtained  Tor  '  single-axis  stressed  state. 

•  i 

*  S 

Axial  loading,  which  is  conditionally  illustrated  in  Fig.  2,40b 
by  vector  Nx,  can  have  various  origins.’ ‘Usually  it  is  proportional 
to  the  pressure  of  the  working  fluid  and  can  be  determi,n€‘d  from  i 
formula  1 


Me=M  = 


(2.42) 


where  k  is  the  coefficient  of  proportionality  depending  upon  the 

i  ,  *  ‘  s 

construction  of  the  unit ‘and  the  method  of  bracing.  For  example, 
for  the  diagram  shown  in- Fig.  2.40b,  , 

XxP=nR2p  —  lip,  oh<y.ia  k.-xR-. 

•  •  i 

Let  us  examine  the  equilibrium  of  this  element.  Proceeding 
as  before,  we  obtain  the  equilibrium  condition  In  a  peripheral’ 
direction  and  the  strain  compatibility  condition: 


Ji'~.  pRi 

itt  ?  .  a  1  V  a  !  o' 


similar  to  conditions  (2/39)  and  ( 2 .•  4 1 ) .-  ( 

i 

i  i 

Four  equations  are  necessary  to  solve  the  problem  since  there 
are  four  unknowns.  From  the  condition  of  strained  compatibility 
in  the  direction  of  the  x-axis  we  obtain 


(2. '137 


Let  us  transform  equation  (2.43)  for  simplicity's  sake.  1  From  it 
we  find  what  p  equals,  we  substitute  ipt.o  the  equation  (2.39),  and 
we  finally  obtain  , 


I 


I 


!  1 


H 


<2.44) 


Let  us  establish  the,  difference 


a=*  (*'<+"' "%) -2jf- (=?'+=  J1") 


(2.45>! 


The  condition’  foi1  the  proper  .selection  of  ev  and  c  will  be 

,  A  /  Vp 

A  !  =  0.  !  .  I  i 

I 

! 

1 

From  the  condition  that  the  relative  strains  of  the  shells  in 

i  '  1  1 

the  x-axis  direction  will  be  eqdal,  we  obtain  the  last  necessary 

i 

equatiop  •  ,  , 


I 


r 


i-s*  _Lar=s;4-a'T. 

~x  n  x  i  1  x  i 


(2. .46) 


The  calculation  procedure  is  similar  to  the  procedure  presented 

i  .  ,  ‘  i 

in  example  2.4.  .Only  we  sbo.uld  allow  for  the  fact  that,  both  shells 
are  in  a  two-axis  stressed  state  and  operate  in  a  stage  of  plastic 
flow.  For  th'is,  in  the  strairi  diagram 'of  the  shell  material  we  must 
replace  the  stresses  and  strains  a  and  e  p  u’tved  along  the  axes 
with  t(he  quantity  0^  and  determining  the  latter  from  formulas 


(1.30). 


Let  us  consider  the  seq'- 


of  calculations.  ! 


We  assign  the  qualtity  n  =  AR/R  and  determine  (the  elastic 

deformations  e'  and  e":  1 

1  <P  1  9 


1 


—  3?  n  ~  t  1  5 


“v- 


.r 


at. 


We  ^lso  assign  the  values  of  e’xnl  and  exn2.  pPr  these  two  values 


we  find  elastic  deformations  e^.  and 


1 


2  rj L- '  -jrnl  —  Ct  /  ,  —  =xn2  —  > 

2;2=2,„2-ar. 

Then  from  the  first  formula  of  the  system  (1.30)  we  compute 

the  generalized  strains  e!  and  e"  for  two  values  of  e'  and  e" : 

1  xx 

9  ’  , — 

I /Vs 


*«  “  “tt  i-  c*i.)*+ «!.*;+■(*;)* ; 


•;>  — j V  K(w +•«*;+(*;« 

s«“*7f  K  ($i)! + Civ + 


* 


Based  on  these  values  of  generalized  strains,  from  the  strain 
diagram  of  the  material  a  =  f(e)  we  find  oj^,  o^2,  o^,  and  o^2 
(see  Pig.  2.^1)  and  then  from  expression  (1.30)  we  determine: 


4  cn 


•>  sn 


Jf2 


-(£;2t0,5s;). 


e/2 
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4  =n 


4  «„ 


°xX  .3  5.r2  =  y7:(£x2+0*-5%)- 

u  fcj-2 


4  5/1 


=1 


cl  ' 


3  Z  (S?'^0,5^l);  5=2  “~7  (£y  +  °’54)* 

1 1  **  6<  2 


4  3n 


r-^K+w-i):  4=4|(s+0’5^)- 


Nov/  we  substitute  the  values  of  the  stresses  into  equation 

(2.45)  and  find  whether  or  not  they  satisfy  this  equation.  Since 

the  values  of  e  n  and  exn  are  chosen  arbitrarily,  equation  (2.45) 

will  not  be  satisfied.  Let  us  plot  a  graph  of  dependence  A  =  f(e  ) 

x  n 

based  on  the  two  points,  where 


2-t/?-1 


/,  (5J d1  ~Sdl  )• 


,  _ ‘  2iR-  /  <  Li 

A2=//  -52~"  3?2 - - 


We  shall  try,  graphically,  to  find  the  value  of  exn,  at  which 
A  =  0  (Pig.  2.42).  Based  on  the  given  value  of  n  and  on  the 
obtained  value  of  exn,  we  shall  find  the  unknown  p  from  formula 
(2.39).  We  repeat  the  calculation  for  new  values  of  n  and  exr). 


Pig.  2.43.  Dependence  of  stresses' 
in  shells  on  radial  strain. 
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We  plot  the  unknown  curve  p  =  f(AR)  and,  as  before,  seek 
the  supporting  capacity  of  the  shell  n  =  p  /pr.  Figure  2.43 

*'P°n  ' 

shows  the  curve  p  =  f(AR)  and  the  stress  curves  for  both  shells. 

Point  1  corresponds  to  loading  of  the  outer  cold  shell  from 
the  thermal  expansion  of  the  inner  shell.  Point  2  corresponds  to 
loading  of  the  outer  shell  as  a  result  of  pressure  created  by  the 
forces  of  gases  and  the  thermal  expansions  of  the  inner  shell.  This 
point  is  of  interest  because  of  the  elastic  equilibrium  of  the  inner 
shell,  obtained  as  a  result  of  the  pressure  and  its  thermal  expansion. 
Point  3  is  the  point  of  the  given  pressure  of  the  working  medium 
inside  the  shells.  Point  4  is  the  point  for  the  limiting  value  of 
pressure  when  the  shell  yields. 

Usually  the  ductility  reserve  for  reactor  elements  should  be 
selected  within  the  range  nQ  2  =  1.1-1. 3. 

Example  2.5.  Let  us  calculate  the  shell  examined  in  example 

2.4,  with  allowance  for  axial  loading  from  the  shell  bracing 

according  to  the  diagram  indicated  in  Fig.  2.40b.  In  this  case,  the 

? 

axial  force  is  N  =  puR  ,  and  the  coefficient  of  proportionality  is 
k  =  ttR2. 

Equation  (2.44)  assumes  the  following  form: 


(2.47) 


The  stretch  diagram  of  the  material  for  the  inner  and  outer 
shells  is  presented  in  Fig.  2.37.  Vie  must  only  remember  that  now 
e  is  replaced  by  the  quantity  e.^  and  a  by  the  quantity 


We  assign  the  values  of  AR  and  select  for  each  of  them  e 

x  n 

such  that  equation  (2.45)  is  satisfied.  The  results  of  the  calcula¬ 
tions  are  presented  in  Table  2.2. 


Ib7 


MOhh/m  (l) 


With  exn  selected  and  AR  given,  for  example,  AR  =  0.5*10“3  m, 
we  shall  use  the  graph  of  A  =  f(ev  ).  After  assigning  the  values 
exn  =  4.0*10  J  and  4.5*10“  ,  we  find,  graphically,  the  value  A  =  0 
and,  corresponding  to  it,  exn  =  4.25*10“3,  as  shown  in  Pig.  2.44. 

Now,  according  to  the  obtained  value  exn  =  4.25*10“3,  completely 
repeating  the  calculation,  we  find  p.  In  some  cases,  we  can  omit 
the  second  calculation.  For  this,  when  we  have  verified  that  A 
changes  sign  in  line  37  of  Table  2.2,  we  can  immediately  find 
p  graphically  (Pig.  2.45). 

If  we  plot  p  =  f(AR),  we  find  the  unknown  value  of  p  and 

^npefl 

the  supporting  capacity  from  Pig.  2.46: 


pv  pc.i  88.5*103 
Pi  ~  40*105 


—  2,2. 


Here  the  values  of  the  stresses  ox  and  a ^  are  plotted  as  a 
function  of  AR. 


t 
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Pig.  2.45.  A  graphic  method  of  'Inding  p 
KEY:  (1)  N/m2;  (2)  N/m. 


Pig.  2.46.  The  state  of  stress  in  shells  as  a  function 
of  pressure. 


Table  2.2. 


KEY:  (1)  Line  number;  (2)  Function;  (3)  Factor;  ('0  Values  of 
function-,  v/hen. 


I 

Table  2.2.  (Confc’d) 


(l)Xk 

CTpC- 

Kit 

(2) 

<l\v!iKmtn 

k  (*0  3ii;i’iemi>i  ijiviiKtum  npit  • 

N  ... 
C  ^ 

<D 

■Id-3.,/; 
4.10  -t  j 

A  /?-  -0.75.10-3.1/; 

U>~:* 

1 

27 

0,5(4) 

10—3 

.1.17 

frnrr 

2,37 

.  2,47 

28 

(o)+(27) 

10-3 

4!,95 

5,2  . 

8,67 

8,97 

29 

(4  3)((17)(l5)l(28)-=c; 

107 

32,03 

31,52 

32,71 

32, CO, 

30 

(20)  h' 

104 

— 34,67 

-34,02 

-33,41 

-34,13 

31 

(26)  h' 

1C4 

41,05 

43 

44,20 

!  44,64 

l 

32 

(30)+(32) 

104 

6,38 

8,98 

9,79 

10,51 

33 

(23)  h' 

1C4 

-31,86 

-32,11 

1 

-32,28 

-28,5 

34 

(29)  h' 

104 

48,05 

47,28 

49,07 

4 49,9' 

35 

(33)+ (34) 

104 

18,19 

15,17 

20,57 

10,17 

36 

0,5  (35) 

104 

8,09 

7,59 

10,29 

10,09 

37 

(32) — (3'-)— A 

104 

-1.71, 

1,39 

—0.5 

i  0,42 

38 

p=r(To)<R 

105 

17,59 

i 

16,49 

22,35 

21,92 

Stress  analysis  of  the  load-bearing  plate  of  a  reactor  ,  ! 

i 

In  the  design  of  reactors  and  ’other  engine  units  v/e  frequently 

encounter  single-layer  and  multi-layer  plates,  as  liell  as  disks, 

which  operate  in  a  bend  from  the  forces  of  fluid  pressure  and 

concentrated  loads.  1 

<  • 

Support  plates  and  end  pieces'  are  usually  'found  to  .have  a  ! 
constant  thickness  of  asymmetric  form  with  asymmetrically  located 
openings  and  bracing  rods.  They  can  be  greatly  or  moderately  heated 
and,  in  certain  cases,  there  can  be  a  temperature  gradient  along  the 
radius  of  a  disk  and  some  variation  in  its  thickness.  The  latter, 
case  can  include  two-layer  plates  shielded  from  hot  fluids  by  a 
thin  wall.  The  support  plate  has  openings  for  the  passag  ,  of.  fluids 
the  openings  are  used  for  attaching  pipes  which  connect  both  plates.1 
The  perforations  in  the  support  plate  lead  to  the  fact  that  in  a 
radial  direction  it  usually  has  variable  rigidity,  particularly  at  , 
its  bracing  point  to  the  walls  of  the  cylinder  part  of  the  shell. 

i  , 


l6l 


! 


i 


In  the  first  approximation  we  can  assuthe  the  plate  to  be  rigidly 
fixed  in  the  peripheral  part  during  'its  operation  in  a  bend  and  non- 
rigidly  fixed  during,  its  operation  under  radial  strains  (when  radial 
strains  are  scarcely  contained  due  to  the  thin-wall  nature  of  the 
cylindrical  shell's  construction). 

i 

In.  some  casep,  the  plate  is  considered  freely  supported  along 
the  peripheral  section  and  thus  the  stressed  state  is  determined 
in  the  most  unfavorable  case.  Actually,  a  support  plate  is  attached 
ela'stically .  The  elasticity  of  the  attachment  should  be  allowed 
for  in  more  detailed  calculations. 


Stresses  and  bending  moments 

»  : 


,  If  we  assume  'that  the  bending  strain  of  a  section  of  plate 

follows  ,the  hypothesis  of  the  invariability  of  the  normal  and  take 
'  1  ) 

the  system  of  coordinates  shown  in  Pig.  2.  *17,  we  shall  find  the 
stresses1  or>i  o^  ,  which  occur ‘in  the  plate,  its  strain  w  and  safety 
coefficient  n. 


i 

i  ,  1 

Let  us  examine  a  plate  of  constant  thickness  h  loaded  with 

•  i 

forces  which  are  symmetrically  located  with  respect  to  the  z-axis. 


Strains,  displacements,  and  stresses  arising  in  the  plate  will  also 

•  *  i 


« 

normal  0.;  The  quantities  w  and  0  are  functions  of  only  the  radius 


I  ■  ! 

r  and  are  -related  to  each  other  by  relation 

i 


I 
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(2.48) 


n  <lu'  t 

0  — - =  —  no  . 

dr 


The  sign  is  negative  because  with  an  increase  in  bend  the  slope 
angle  decreases. 

A  plate  element  removed  from  the  central  axis  0  -  r  a  distance 
z  is  in  a  two-dimensional  stressed  state.  The  strains  of  this 


element  (Pig.  2.48)  are 


~r -  (Pr  P’3?)'  ty—  (^r 

b.  c 


and  the  stresses 


a'=7=5(''+l“')- 


(2.49) 


These  stresses  determine  the  supporting  capacity  of  the  plate. 

Let  us  find  er  and  e^.  We  shall  examine  the  strain  of  the 
plate  element. 

Figure  2.48  shows  a  plate  element  dr  before  and  after  strain. 
The  normal  which  occupied  position  AB  before  plate  deflection  turns 
angle  0  and  occupies  position  A'B’  according  to  the  hypothesis  of 
the  invariability  of  the  normal.  The  normal  turns  angle 

0  +  dO.  Segment  CC^,  located  distance  z  from  the  middle  surface  in 
a  radial  direction,  achieves  elongation 


c,c;  -  cc  =•  c(o + do)-  zo  .-=  =(io. 


The  dimension  of  element  CC^  before  strain  is  dr.  Thus,  relative 
elongation  of  the  plate  in  a  radial  direction  is 
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(2.50) 


tr~ 


ii  =  z8'. 

dr 


Let  us  find  the  relative  strain  of  an  element  in  the  peripheral 
direction.  Before  the  plate  bends  the  length  of  the  circumference 
passing  through  point  C  will  be  2irr,  and  after  the  bend  2n(r  +  z6). 
Consequently,  relative  elongation  in  a  peripheral  direction  is 


—  ( r  -H  rh)  _  ‘I 

2-t  r  r  (2.5D 

Substituting  expressions  (2.50)  and  (2.51)  into  (2.  *19),  we 
finally  obtain  the  stresses  in  the  plate 


(2.52) 


Figure  2.49  shows  the  stresses  ar  applied  to  a  strip  taken  from 
an  elementary  prism.  Based  on  the  known  stresses  or  and  o^,  we  find 
the  bending  moments  applied  to  the  faces. 
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$ 

i 


1 

l 


1 


I 


& 

7 

i 


& 


.We  designate  the  relative  -moments  occurring  on  the-  faces  of 
the  elements  (moments  reduced  to'  a  unit  length  of  the  cross  section), 
Mr  and  M^,  respectively. 

h/2 

Obviously,  dM  •=  a-  zdz;,  then  M  =  /  a  zdz. 

r  r  r  -h/2  r 


Using  expressions  (2.52.),,  we  obtain 


h'l  . 


•  '•  L>n 


However 


i»  .  -  h  3 

,  ^  *?-uz==- —  ,  consequently. 


;V/f  = 


12(1— |i 


-(o- +,-?-)=£>  (o'+>A). 


Ehz 

where  D  =  • — ; - — — 

12(1  TTfiS) 


(2.53) 


(2,5*0 


Here  D  is  the  rigidity  'of  the  plate  to  a  bend  in  N*m;  this  is 
called-  the  cylindrical  rigidity. 

Analogously,  we  obtain  the  bending  moment: 


(2.55) 


Sometimes  the  bar  over  the  designation  for  moments  is  omi'-  *d.  Only 
we  should  never  forget  that  in  these  expressions  the  moments  relate 
to  a  unit  length  of  the  plate  cross  section. 

.We  obtain  the  simple  formulas  connecting  the  bending  moments 
and  the  stresses : 


oMr  .  _ PM? 

~la~'  ?  W 


(2.56) 
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Fig.  2.^9  *  Determining 
bending  moment . 


Equations  of  plate  equilibrium 

We  shall  examine,  finally,  the  equilibrium  of  an  element.  We 
apply  to  the  faces  all  equally  effective  forces  and  moments. 

Figure  2.50  shows  the  positive  forces  and  moments.  When  tne 
plate  is  rotated  in  the  direction  of  the  z-axis,  the  positive  moment 
is  directed  clockwise,  and  the  intersecting  forces  along  the  positive 
direction  of  the  z-axis. 

On  the  abed  face  (see  Fig.  2.50)  the  tangent  stresses  give  an 
equally,  effective  shearing  force  Q,  directed  along  the  z-axis. 

Its  intensity,  i.e.,  force,  arriving  per  unit  arc  rd<p,  we  designate 
Q.  The  shearing  force  Q  on  the  abed  face  will  be  equal  to  Qrdip, 
and  on  the  a-jb-jC-^d,  face  will  be  (Q  +  dQ)(r  +  dr)d<p. 

Since  the  stresses  in  layers  to  the  right  and  left  of  the 
neutral  plane  of  the  element  are  identical  but  unlike  in  sign, 
there  are  no  normal  forces  on  the  faces  of  the  element. 

Thus,  the  moments  and  forces  expressed  through  the  corresponding 
intensities  will  be: 

Q  —  Qrdy;  Q  <iQ  -  (Q  -~i!Q)(r  rtlr)do\ 

Mr=-A1rr  (/<?;  Alr  ‘  (/Mr~(.)ir -~-dAtr)(r  -j- dr)a\ p: 
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A1 9  Alf  dr;  P=  pr  dr  //cp; 
Mp--P~—prdr  aty—; 

• '  ■  ( Q + dQ )  —  (Q  -f  dQ )  (r  -f  dr )  dr 


Pig.  2.50.  A  plate  element. 

Projecting  all  forces  acting  oft  the  element  (see  Pig.  2.50a) 
onto  the  z-axis,  we  obtain  ■ 

1 

Qr  (h  —  [(Q  -f  'IQ)  l r  4  <,r )  (h\  pr  <^r  ==  0* 


hence 


(Qr)'=pr. 


(2.57) 


! 


1 


■.I  >  ! 

We  establish  the  sum  of<  the  moments  of  forces  applied  to 

t 

the  element  relative;  to  the  y-axis„  tangent  to  an 'arc  of  a  circle 
■with  radius  r  and  the  middle  plane  (see  Pig.  2.50b): 

:  '  • _  _  ‘  dr 

7\l,r  do  -  [(/I/, + dMr)  (r  ~  tfr)  </<?]  A-  pr  dr  —  4-  -  ! 


4-  %A  /9  </r  sin  ~r~(Q- f  -  <1Q)  (r  +  dr)  d<?  dr  =  0, 


1  r  . 

•  or,  disregarding  quantities  df  t'he  highest  order,  we  obtain 

’  *  1  ’  .  .  ' 

'  M,—(h,ry=Qr. 


(2.58)' 


•  I  •  *  I  * 

If  we  substitute  M  and  M_  from  expressions  (2.53)  ipto  (2.58) 
.  r  ■  ■  ' 

and  assume  that  plate  rigidity  D  is  constant,  we  obtain 

*  111 

1  I 

■  -  /9"  +  8'— 2-=— 

r  D 


i[-Ll(err]=-|, 


i r  J  P  , 

4  I  ■ 

5 

*  i  « 

i  ■  ; 

which  can  be  checked  by  simple  differentiation. 


i  (2.59) 


i  >  •  ■  i 

.  If  we  allow  for  dependence  (2.48)  (0  =  -w’,  equation  (2.59)  can 
be  represented  in  trie  form 


i  i 


(2.60) 


»  v  _ 

Finally  if  we  substitute  Q  from  equation  (2-56)  into  the  right 
;side  :of  equation  (2.60)  then  after  certain 'transformation  we  find, 

,  *  i 

finally  *  i  i 


i 


(2.61) 


■HB-HT -£■ 


or  in  shortened  form, 


V2V2Wt==^_-, 


where  the  Laplacian  operator 

V2w=22>',-{-  w'  sa  (rw'y , 

r  r 

Frequently  we  use  the  integral  form  of  writing  equation  (2.6l) 
We  shall  integrate  equation  (2.61)  four  times. 

The  first  integral 


0 

— (rw')'**(  -1  ( <fr-+C,  liir  fC2. 

r  •  r  J  D 


Integrating  once  more,  we  obtain 

r  r  r 

1  .  pr 


-VWVi  d^Tc'r!{,ar~T)+ic^ 

0  0  A  N  /  * 


And  finally 


W- 


r  r 


0  0 


+J.C^+C,lnr+C4. 

4 


(2.62) 
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Deflection  of  a  solid  plate  with  constant  cross 
secti on 


Expression  (2.62),  valid  for  any  plate  with  a  constant  cross 
section  and  any  loading,  is  simplified  for  a  plate  without  openings 
(Pig.  2.51) •  Prom  the  condition  that  when  r  =  0  the  quantity  w  must 

be  final,  we  obtain  ci  =  C3  =  °* 


Pig.  2.51.  Plate  with  sealed 
edges . 


Thus,  for  a  plate  without  a  central  opening, 

*  r’  /*> 


r  r  r  r 
1  ‘  ;  L  V  PL 


®“\  t)  r\f )  7 h  fc*+c<- 


00  n 


(2.63) 


In  the  particular  case  when  p  =  const, 


MD  ■  T  J+Cv 


(2.6H; 


We  shall  examine  two  basic  particular  cases  in  analyzing  solid  plates. 

Case  1.  The  plate  is  rigidly  sealed  along  the  outer  contour 
and  loaded  uniformly  with  a  distributed  load. 


In  this  case,  the  constant  C2  in  formula  (2.610  must  be 
determined  from  the  condition  w*  =  0  when  r  =  b.  After  differentiating 
equation  (2.610  once  and  equating  the  result  to  zero,  we  obtain 


W'«_(£*L+JLc2Wo, 

\16D  '  2  ) 


Hence  C2  =  -(pb  ;/(8D)  and  finally 


v=_£LtJ2_rs). 

rD- 


(2.65) 


The  constant  is  found  from  condition  w  =  0  when  r  =  b;  we  obtain 


W- 


£5i_^L+C4=0, 

t:*r\  oor*  1  *  1 


(UD  32  D 


hence  C1(  =  (pb4)/(6it)  and  finally, 


w==-£-(b*-~r*y. 

FAD 


(2.66) 


The  greatest  bend  of  the  plate  will  be  in  its  center 

pbi 

wmM~ 


Bending  moments  are 


7Jr=il(1+|i)»>-(3+p)r»l; 

In 

a=4iu+i*)*2-(>.+3!>)'-2).  • 

lb  ’ 

In  the  center  of  the  plate  — 0+rt  • 


On  the  supported  contour 


(2.67) 
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The  relative  moments  are  in  N#m/m. 


Let  us  find  the  stresses  in  the  plate.  As  already  mentioned. 


m,  .  ..  }}\t: 

hi  '  ?  h‘ 


Substituting  the  maximum  values  of  the  moments  into  these 
formulas,  we  obtain 


(3r)max 


3  pbl .  /  \ 

4  *2  *  ' ~  ' 


±A 

4  A2f 


(2.67a) 


A  variation  in  stress  along  the  radius  of  the  plate  is  shown 
in  Fig.  2.51. 

Let  us  examine  the  values  of  plate  deflection  when  it  is  loaded 
with  a  concentrated  concentric  load  P  (see  Fig.  2.51). 

Solving  the  initial  equation  (2.64),  we  obtain  the  bend  of 
the  plate: 


^-[<a2+r2)"'T  + 


a  ,  (42  +  r2)(42  —  a2) 


]Ei  + 


(b"-  — &)(&  +  &) 


(2.68) 


where  the  unit  functions  are 


(l,r<a; 
i  0,  r  >  a. 


1,  r>a 
0,  r<a 


The  value  of  the  bending  moment  on  the  plate  contour  is 


P_  i  H  —  gi 
4.t  1  42 


(2.69) 


172 


If  the  external  force  is  concentrated  in  the  center,  plate  bend 
will  be 


The  current  value  of  the  bending  moments  is 


(2.70) 


Air  =  £■  |(1  -T-v)  In 


(2.71) 


and  the  maximum  bending  moment  is  obtained  m  the  seal  of  the  plate: 
Mr  =  -P/4if. 


K 


A 


In  this  case,  we  usually  assume  that  the  load  P  is  applied  nob 
along  the  circumference  but  to  a  certain  ring-shaped  area  whose 
width  is  no  less  than  the  thickness  of  the  plate. 


Case  2.  A  plate  is  freely  supported  along  the  outer  contour 
and  is  loaded  uniformly  by  a  distributed  load  (Fig.  2.52).  In  this 
case,  the  c< nstant  C2  in  equality  (2.69)  must  be  determined  from 
the  condition  Mr  =  0  when  r  =  b.  Omitting  the  intermediate  trans¬ 
formations,  we  obtain 


W- 


p(l,2.-r2)  /5  +  (x 


(>4D 


V  +p  / 


Bending  moments  are 

•*>•=-&  <3+ 1 

.10 

5M7=^.((3+rt**-(l-3|x)r2]. 


(2.72) 


(2.73) 
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Bending  moments  achieve  their  maximum  values  in  the  center  of  the 
plate : 


L:~t  us  substitute  the  values  of  the  moments  into  these  formulas. 
In  the  center  of  the  plate  (or)max  =  <>)max  =  ' 

8/t2 

2 

On  the  outer  contour  ar  =  0;  =  3/^(1  -  M)pb  . 

Obviously,  this  type  of  plate  attachment  is  less  desirable  than  the 
former. 

The  variation  in  stresses  for  the  studied  case  is  shov/n  in 
Fig.  2.52. 

Let  us  examine  the  loading  of  a  plate  with  a  concentrically 
located  power  loading  (see  Fig.  2.52).  Solving  equations  (2.63);  ' 
we  obtain 


i 


17  ^ 


T 


' 

f 

k' 

l. 


l 


w=- 


—  [(a2  -I- r-)  In  —  -j-  (D2 -  a2) (— ]  j_ 
I’D  L  A  .  (  2(1+P)4*  J  1 

[(a2  f  r2)  hi  —  -'1  (62-  r2)  e 

fi-D  I  b  '  2(l4-ji)^2  ]  2’ 


where 


el  = 


0,T 


e2  — 


0,  r<a 


The  bend  in  the  center  will  be  maximum: 


w  =  -f—  _  fl2)  i{-  C2  ^ 1  -£J  1 1 

8.-t£>  L2(l+tu)  D  J 


In  these  formulas  it  has  been  assumed  that  the  concentric  load¬ 
ing  is  applied  to  radius  a,  somewhat  removed  from  phe!  center.  If  1 
radius  a  is  constricted  to  a  point  or.  more  accurately,  to  a  circum¬ 
ference  equal  or  nearly  equal  to  the  thickness  of  the-piate,  then: 
bending  moments  will  be  *  , 


‘w'ass^”[(,+rt,n-~];  . 

= -_  [( 1  -fji)  In  — J-(l  —  (j.)j . 


(2.7'D 


1  i 


The  bend  of  the  plate  is. 


W- 


16rO  t 


b  1  H-fi 


(2.75) 


In  the  center  of  the  plate  w  =  —  ('**  "i~  tl  ^ 

i6aO(l  -f  p)  '  1 
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Let  us  find  the 


i 


safety  coefficient  of  the  plate: 


t 

ai  max 


sl 


V 


i"  c 


2 

9* 


,V/e  should  select  n  =.1.3-1. 5. 


l 

Peculiarities  in  analyzing  braced  and 
flexible  reactor  plates 

i 


In  certain  cases ,  it  is  immediately  apparent  that  a  plate,  if 
,  it  is  not  braced,  will  either  be  Very  heavy  or  will  have  an  extremely 
large.*  deflection  under  loading.  A  deflection  is  called  large  when 
it  exceeds, the  thickness  of  the  plate..  In  order  to  avoid  this, 
we  can  rigidly  connect,  by  welding'  the  rods,  the  load-bearing  plate 
with  the  end  plate,  which. has  great  rigidity  due  to  its  shape  and 

l  1  s'  ‘ 

lower  heating  temperature  (Pig.  2.53). 


Two  end  plates  conne^ed  thus  are  analyzed  as  follows.  An 

elliptical  end  plat'e  to  which  rods  are  braced  we  shall  consider 

absolutely  rigid.  Only'  the  plate  and  the  bracing  rods  are  deforced 

in  operation.  We  shall  assume  th'at(the  rods  are  placed  axisymmetrically 

iorming  a  continuous  force  ring  for  a  plate  attachment. 

1  ■  »  * 

i 


i  Pig.  2.53.  Diagram  of  a  braced  plate. 

I  ! 

The  problem 'is  statically  indeterminate.  We  shall  solve  it 
by  the  structural  mechanics  method  of  forces.  Let  us  cut  the 
system  at  the  spot  where 'the  rods  join  the  plate;  we  compensate 
for  the  effect  of  the  rods  by  force  R.  An  equation  is  set  up  using 

•  j  |  i 

the  method  of  forces  (see  Fig.  2  .* 5 3 ) . 

!  1.76 


t 


* 


I 


! . 


2-U«AJ-MV.  23==3  +  3«-‘;  '2tw=w-r‘wRi' 

If  we  find  that  w  x  <  h,  the  problem  is  solved.  Sometimes, 
for  this,  we  should  install  two  or  three  rows  of  bracing  rods. 

In  some  cases,  there  can  be  no  bracing. 

V/ith  normal  stresses  we  shall  obtain  large  deflections  which 
shift  the  entire  core  along  the  axis.  In  these  cases,  we  should 
refine  the  calculation,  using  equipment  which  will  take  into  account 
the  flexibility  of  the  plate.1  The  main  refinement  would  be  to 
examine  the  deflection  and  strain  of  the  plata  not  only  as  a  result 
of  the  effect  of  bending  moment  and  but  also  as  a  result  of 
the  tensile  forces  in  the  plate  T. 

With  small  deflections  the  effect  of  T  is  small.  With  large  de¬ 
flections  the  solution  to  the  plate  equation  reduces  to  the  dependence 

B*  A\h)'  Ur  (2.76) 

It  is  easy  to  show  that  the  first  term  after  the  equality 
sign  corresponds  to  the  bending  of  the  plate  as  a  result  of  the 
effect  of  bending  moments]  the  second  term  after  the  equality  sign 
refers  to  the  effect  of  tensions  T. 

Examining  figure  2.5^>  we  see  that  when  (w/h)  <  1,  the  nonlinear 
contribution  of  the  load  creating  the  deflection  is  small.  The 
deflection  is  wholly  determined  by  bending  moment.  V/hen  (w/h)  >_  1 
the  nonlinear  contribution  of  the  load  causing  the  bending  is  great. 


‘This  will  be  discussed  in  greater  detail  in  Chapter  V. 
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In  this  case,  the  plate  must  be  considered  flexible  and  analysis 
is  performed  with  the  formulas  for  flexible  plates.  , 


Pig.  2.5^.  Calculation  of  a 
flexible 'plate. 

KEY:  (1)  Rigid  plate;  (2)  , 

Flexible  plates.. 


"-1 - 

■  j 

. 

! 

1 

/ 

i 

7 

■ 

44 

V-l-’  ■■■  *  , 

Mecm'Kue  ■  ruOKue 

•  *  nmcmuHb 1  'n/iacmuHti  , 

(1)  !  (2) 

Example  2.6.  Find  the  stress  and  Reflection  of  a  circ'ular, 
rigidly  sealed  plate,  braced  by  :axi symmetric  rods  ,(Fig.  2.55)  if 
the  following  is  given:  .  '  ,  ^  , 

a, -0.45  jt;  a2  =  0,8,f;‘  *-1.7*  h  •-  1 .5*  10—*  .y; 

=  0,22  m\  F r=  70- 10-4 .1(2;  F2  =  44-10—4  ,«2 ;  p  =  4.2- 1  '5  N/n  ; 
F.  ~  2.2*1011  N/m^ . 


We  assume  that  the  elliptical  end  pl^-.te  to  '.clv-the  rods  are 
attached  is  rigid.  1 


Fig.  2.55.  Example  of  calculation. 
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We  cut  the  system  along  the  attachment,  points  of  rods  1  ana,  2, 
we  compensate  for  the  effect  of  the  rods  by  thi  forpes  Rx  and  R2 
and  we  set  up  the  canonical  equation  for,  the  method  of  fortes  used 
in  structural  mechanics:  i 

,  ,  l 

,  -f  (6jj  4.  ?/j)  /?i’  -f-  5jo/?2  =  0;  »  ... 

I  f-20P  +  ?'2l/?l  -f  (®22  +  2  ==  0. 

i  1  i 

'  .■ 
i  I  «  »  1  ^  s  ‘ 

‘if  we  designate  1 

4- 5,  =  5  (11);  &22  +  52=?i 

,  •  '  '  ' 
from  svstem  df  equation'  ,  , 

’•  :  *  >  .  i  ! 

o  (11)./?|  4*  h-2^2  “  ~  1 

!  _  I  ~1“  ^  ^22)  /?o ==s  ^20^ 

i,  „  \o  !  ‘  ’  • 

,we  find  /?,  =  — i  /?2  =  “£“.  r 

‘  •  »  .  1  *  *  ! 

where  !  i  , 

1  _  j&10  />&12  .  i  I  5  00  .  .  *00  *12  1 

!  \ il  ”  1 8n0  I  p\  (22)  ?  i?2i  ??o p  ??]  ■'  *  (22):  ’ 

1  i 

*  t 

Let  us  find  the  stresses*,  pliability,  and  bends.  -l 


i  s  i  *  .  « 

If  -he  plate  were  unbraced,  -theiutress  in  its  unsafe  section 

»  »  '  '  I  » 

r  -  b  would  be  determined  from  formula  (2.68)  and  would  be  equal 


0,75 phi  0,75. 4. 2-  05-1,72  ^...12 

,  v  ««.*:*  —  — — ~ *  = - 1 - 1 - rs - «r— 40600-1»»  N/m  •  • 

I  .'max  h2  1  1.52.  Hr4 

1  t 

,  I  1  * 

This: stress  is  extremely  high.  Let  us  evaluate  what  kind  of 
i  stress  occurs  in  k  plate  after  we  allow  for  the  unloading  action 

«  1  *  .  ■  1 

of  the  rods.  1  , 


The  bend  of  the  plate  at  the  fir'st  and  second  points  from 
pressure  p  will  be  ,  ,  1 


1 


p(0‘—aVjr 

(\0P  =  °-1'  ^  — 0.17  To.mU.l  s3.l(,“t;  *,f 


4.2‘ins(i,?2-n,-i5:V- 


The  bending  rigidity  of  the  plate  will  be 

Eh*  2.2.10u.1,53‘10-6 

n— - - - a* - ; - —  T9T - =  0,h.lO’  N*m. 

U  12(1  —  n2)  12(1  ~0,32) 

The  power  pliability  of  the  plate  will  be 


0,45 

l,74~0,4o<l 

1,7  ' 

'  2.1,72  J 

=  0.825- 10-5  Jl/li; 


1  f,  ,  n,  <*  («  +  o?)(/S-4)l 

‘,!=¥FL(‘’5+,,i)ln  7  + - w — -j“0’33' 


?'22==$^7  (ai+/-2)!n 


a2  (*2  +  r2)  (62-c;) 


~  0,239* 


)•  10~6  m/N ; 


?2J  =  Ojo. 

The  pliability  of  the  bracing  rods  will  be 


EF\  ■  2,2.10u.70.10~‘r=!0,01R2*10~6  n/N; 

, _ h _  0,22 

'5  EF2  2 ,2* I011 . 44. 10*~4  - 0.0227^10“  m/N. 
Let  us  find  the  unknown  forces  of  the  bonds  R1  and  R2; 

d  =  ?  H 1.)  O  (22)  -  5j2  =  (0,525.  J0“6  4-0,0182. 10“5)  (0,239. 10~6  +. 

*r  0,0227. 10~s)-*0,.3.'5.10~12»O(017.  10~12  m/N2 ; 

■il  =  —  (5iop5  (22)  —  &20P&I2J  = 
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r,--.-wKWI 


=  -<0,o66.0,2.39. 10—6— 0, 484-0, a3.IO“«)=:0, 05-  1<T«  (m/N)r,; 

-2  —  —  [t'lopl  (11)  —  &  10/^21 1  —  — 3,45*  10  ®  (m/N)mj 
_  *1  0,05*  l(r* 

1  ~~  A  ~  0,017. HT12""2,9* 104  N; 

Rq~  -—•  —  —  203. 104  N. 

•X 

Hence  the  moments  from  the  forces  in  the  boner,  will  be 


-U-/?, 


/?  1  2,9. 104 


4n  H 


4i 


f1- 0.22. 101  N-m/m; 


_  Ry  bl-al 

*'*-i 7 -IT2 


=  12,6.  104  N-m/m . 


The  bending  moment  from  the  ou.ter  load  will  be 


Mr0 


phi  4.2.10-1,72 


8 


8 


15- 104  N*m/m. 


Total  bending  moment  is 


=(—15  —  0,22+  12,6)  104  s=  —  2,62.104-N-m/m. 


Maximum  stress  is 


6.2,62- 10* 
2, 25-10”4 


==-7000-105  N/m2. 


Comparing  these  stresses  with  those  obtained  earlier,  we  see 
that  the  bracing  of  a  plate  reduces  the  level  of  stresses  by  more 
than  a  factor  of  five. 


Peculiarities  in  the  analysis  of  perforated  reactor  plates 


The  load-bearing  plate  of  a  reactor  is  a  discontinuous  perforated 
plate  of  constant  thickness.  In  a  considerable  part  it  is  weakened 
by  the  openings  for  attaching  the  fuel  elements  and  for  the  passage 


of  the  heat-transfer  agent  or  the  coolant.  This  affects  the  value 
of  the  full  load  acting  on  the  plate,  as  well  as  the  rigidity  and 
supporting  capacity,  and  must  be  allowed  for  in  calculations. 

Let  us  estimate  the  pressure  decrease  of  the  plate  due  to  its 

perforations.  If  the  pressure  drop  on  the  plate  p  is  known,  then 

2 

the  force  on  a  continuous  plate  (Pig.  2.56)  P  =  pub  . 

The  force  acting  on  part  of  the  plate,  with  allowance  for  the 
decrease  in  its  surface  due  to  perforations,  is 


where  r  and  n  are  the  radius  and  number  of  openings  in  the  fuel 
elements  for  the  passage  of  the  heat  transfer  agent. 


Equivalent  to  this  force,  the  conditional  pressure  which 

acts  on  the  perforated  part  of  the  plate,  if  we  assume  it  is  con- 

2  2  2 

tinuous,  we  find  from  the  expression  Pn  -  p7f(bn  -  nr  )  =  Pnltbn: 


Pn  ”  P 


0-S)- 


(2.77) 


If  the  entire  load-oearing  plate  is  covered  with  openings, 

then 


r 


n 


p 


The  diagram  of  pressures  on  the  load-bearing  plate,  thus,  nas 
a  stepped  character,  and  we  shall  deal  with  the  analysis  of  a  plate 
with  variable  loading.  Usually  the  radius  at  bn  is  near  b;  therefore, 
pressure  p  is  assumed  constant. 

Let  us  evaluate  the  reduction  in  plate  rigidity. 
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Pig.  2.56.  Determining  the 
force  acting  on  a  perforated 
plate. 


Pig.  2.57*  Bend  curves  of  solid 
and  perforated  plates. 


A  characteristic  of  its  strain  under  loading,  established  by 
multiple  experiments  of  various  scientists,  is  important  in  evaluating 
the  reduction  in  rigidity  of  a  perforated  plate.  This  characteristic 
is  the  fact  that  the  shape  of  the  deflection  in  a  loaded  perforated 
plate  is  similar  to  the  shape  of  a  deflection  in  a  solid  plate. 


Figure  2.57  illustrates  the  bend  curves  for  solid  and  per¬ 
forated  plates  under  identical  loading.  In  order  to  ensure  identical 
loading  on  a  plate,  a  pliable  field  insert  is  used. 


Pig.  2.58.  Plate  perforation 
diagram. 


I 


The  degree  of  bending  for  a  perforated  plate  depends  substantially 
upon  the  dimensions  s,  d,  h  (Fig.  2.58).  A  perforated  plate,  just 
as  a  solid  one,  is  in  a  two-dimensional  stress  state;  its  deflection, 
is  similar  to  the  deflection  of  a  solid  plate;  its  supporting  capacity 


( 


is  determined  by  the  principal  stresses  or  and  o^,  which  reach 
their  highest  value  on  its  surface. 

Near  the  openings  there  is  a  certain  concentration  of  stresses, 
which  is  substantial  for  plates  o£  brittle  materials.  For  the 
materials  of  plates  used  in  reactors  this  concentration  of  stresses 
can  be  disregarded. 

Based  on  the  similarity  of  bending  curves  for  the  plates,  we 
can  write 


(2.77) 


where  y  ^  the  coefficient  of  proportionality  allowing  for  the 
reduction  in  plate  rigidity  due  to  its  perforation. 


Let  us  find  the  value  of  y  from  a  comparison  of  the  deflections 
of  perforated  and  solid  plates.  For  the  plate  shown  in  Fig.  2.57 
the  deflections 


<S»- 


pdl  —  r2)2 

- -  *  to„  — 


64D 


p(hi-r 2)2 
6  ID, 


hence  (w)/(wn),  =  y  =  (Dn)/(D). 

Thus,  the  cylindrical  rigidity  of  a  perforated  plate  is  equal 
to  the  rigidity  of  a  nonperforated  plate  multiplied  by  the  coefficient 
of  perforations  y.  This  make?  it  possible,  in  the  first  approach, 
to  find  the  stresses  of  a  perforated  plate  from  formulas  for  a  solid 
plate,  correcting  for  the  reduction  in  rigidity  due  to  perforation. 


Cylindrical  rigidities  are 


D  — 


. SL.--  D  ■ 

12(1 — ji-)*  " 


Bhl 


12(1— ^2) 
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In  some  cases,  it  is  assumed  that  the  reduction -in  rigidity  for 

a  perforated  plate  occurs  as  a  result  of  the  variation  in  E  and  y 

of  the  plate..  For  the  problems  which  we  are  studying,  it  is  feasible 

to  attribute  the  decrease  in  rigidity  to  the  decrease  in  plate 

thickness,  which  we  shall  designate  h  ,  and  we  shall  find  from  the 

«  n 


relation 


£n 

D 


:Y==ir5 


//n=/z»Vv.  (2.78) 

As  has  been  mentioned,  the  value  of  y  depends  upon  the  geometric 
dimensions  of  the  perforated  plate  and  is  determined  from  formula 
[26] 


V=6,25(3+*)(l-— 

-  \  sj  (2.79) 


where  d  is  the  diameter  of  the  opening; 
s  is  the  step  of  the  opening; 
k  is  the  plate  rigidity  coefficient; 


(2.80) 


The  variation  in  the  coefficient  k  as  a  function  of  ratio  of 
plate  thickness  h  to  width  of  connecting  neck  (s  -  d)  is  shown  in 
Fig.  2.59a.  As  is  apparent  from  formula  (2.80),  it  varies  from 
zero  to  -1. 


The  variation  in  the  coefficient  y  as  a  function  of  the  ratio 
of  the  diameters  of  the  perforation  opening  to  their  step  is  shown 
in  Fig.  2.59b.  Usually  the  values  of  y  fall  within  0.1  to  0.5, 

which  corresponds  to  the  ratio  (d/s)  =  0.2-0. 9* 


Pig.  2 . 59 •  Variation  in  coefficients  k,  h,  y.  ; 

! 

Thus,  knowing  the  values  of  y,  we  obtain  tiie  final  equation 
for  calculating  circular  perforated  plates.  The  initial  equations 
(2.611)  and  (2.53)  for  the  calculation  will 'have  the  following  form 

i  i 


pr 4  .  Ctf*  |  r  ,  ^ 

<2,"==6^7r'T‘r  4’ 


M 


;n=_Dv  + 


I 


(2.81) 


V/hen  the  bending  moments  of  an  unperforate'd  plate  are  computed  ' 

i  1 

and  it  is  necessary  to  determine  the  stresses  in  it  after  perforation 
in  the  formula  of  stresses  (2.56)  we  should  take  the  thickness  of 
the  plate,  with  allowance  for  perforation,  hn  =  h^y” >  hnd  compute 
the  stresses  from  the  formulas 

i  . 

GMr  '  GM?  ' 

J 

5  l 

For  example,  the  stresses  in  a  perforated  plate,  whose  seal 
has  a  diagram  similar  to  the  one  presented  in  Pig.  2,57,  will  be: 

I 

I' 
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I 


+|,)_0  +3|l)l']- 


The  s-  fety  c'oefficient  of  a  perforated  plate  is  determined 


•from  the  usual  formula 

s  ‘  i 


where 


0  J 

n—  - : — , 

9 1  m*x 


>  °r-=Y  3rn.'-3rnVn  +  «5n. 


The  value  of  n  should  Joe  selected  within  the  range  n  =  1.1-1. 3. 
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2.2.  RADIOACTIVE  ISOTOPIC  SOURCES  OF  ENERGY 
FOR  EXTRATERRESTRIAL  ROCKET  .ENGINES 


It  is  common  knowledge  that  a  large  amount  ol  heat  in  given 
off  in  the  decay  of  radioactive  materials.  This  heat  can  be  success¬ 
fully  used  in  a  space  power  plant. 

Most  radioactive  isotopes  used  are  obtained  artifically  as 
a  result  of  neutron  bombardment  in  ordinary  energy  reactors.  As  a 
result  of  isotope  decay,  a  monotonic  decrease  in  thermal  energy  occurs 
according  to  exponential  law.  These  isotopes  are  simple  and  opera- 
tiona'  iy  reliable.  The  great  difference  in  decay  rates  allows  us  a 
widf  choice  of  energy  sources  for  the  most  varied  purposes. 

However,  power  plants  on  radioactive  isotopes  have  several 
disadvantages.  They  are  expensive  as  compared  with  reactor  instal¬ 
lations  since  in  order  to  obtain  the  isotope,  uranium  must  be 
consumed  in  reactors:  isolation  of  the  isotope  is  also  a  complex 
and  costly  process. 

Therefore,  radioisotopic  power  plants  are  advisable  only  at 
low  powers  (less  than  a  kilowatt).  The  use  of  isotopic  elements 
requires  a  number  of  safety  measures. 

Although  the  radiation  of  a  particles  (protons)  is  comparatively 
safe  for  man  since  it  is  extinguished  in  the  materials  of  the 
isotope  itself  and  the  ampoule,  y-radiation  (electromagnetic)  and 
6-radiation  (electrons) ,  which  gives  off  y-bremsstrahlung  during 
collision  with  particles  of  matter,  require  protection. 

An  ampoule  with  an  isotope  must  be  hermetically  sealed  in  such 
a  way  that  the  seal  is  not  destroyed  in  the  event  of  a  crash. 

All  a-radioactive  isotopes  in  their  decay  products  have  gaseous 
helium  whose  pressure,  at  the  end  of  the  service  period,  can  reach 
huge  values  which  complicates  the  construction  of  the  source. 


In  designing  a  source  it  is  necessary  to  reduce  this  pressure  to 
permissible  values* 

Frequently  the  isotope  must  be  alloyed  with  other  metals  to 
improve  its  heat  conductivity  and  strength, 

Curium-242  is  obtained  artifically  by  bombarding  americium-241 
with  neutrons.  The  specific  thermal  capacity  is  122  W/g.  It  can 
be  used  in  generators  with  a  service  period  from  3  to  6  months. 

The  problems  of  protection  during  the  use  of  this  isotope  are  related 
to  the  suppression  of  incidental  ci-decay  of  neutron  and  y-radiations . 

In  decay  curium-242  changes  into  plutonium-23.8,  which  causes 
the  severe  corrosion  of  ordinary  stainless  steels;  only  tantalum  is 
not  corroded.  Curium-242  is  used  as  an  alloy  with  americium-241 
(45?  Cm  and  55?  Am)  and  is  further  alloyed  with  a  stabilizing  metal, 
for  example,  gold  (1  part  Cm  +  Am  +  5  parts  An),  which  improve 
heat  transfer  in  the  alloy. 

Helium  is  separated  as  a  result  of  the  decay  of  curium-242.  If 
we  place  an  isotope  in  a  hermetically  sealed  ampoule  without  extra 
space,  by  the  end  of  tne  service  period  the  pressure  of  the  helium 

p 

accumulating  in  the  ampoule  rises  to  550  daN/cm  (240  days  after 
closing  the  isotope  in  the  ampoule). 

Table  2.3  presents  data  on  the  main  isotopes  used  in  extra¬ 
terrestrial  power  plants. 

As  is  apparent  from  the  table,  we  can  design  a  source  which 
will  operate  for  different  periods  of  time.  Short-life  sources 
are  used  for  research  purposes. 

Let  us  examine  the  structural  diagrams  of  isotopic  energy 
sources . 
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KEY:  (1)  Name;  (2)  Formula;  (3)  Decay  process;  (4)  Half.-life 
(years,  days);  (5)  Fuel  compound;  (6)  Density  g/cm3;  (7)  Thermae 
capacity  W/h;  (8)  Plutonium;  (9)  Cesium;  (10)  Strontium;  (11) 
Curium;  (12)  Cobalt;  (13)  Promethium;  (1*1)  Cerium;  (15)  Curium; 
(16)  Polonium. 

Designations:  a  =  years;  c  =  days. 


Design  of  an  ampoule  for  an  isotopic  heat 
source 

A  typical  design  is  shown  in  Fig.  2.60.  The  isotopic  source  1 
is  placed  in  a  shell  2  of  steel,  molybdenum  or  tantalum.  This  shell 
can  be  covered  inside  with  a  protective  material  (tantalum  carbide, 
j  tungsten). 

A  peculiarity  of  isotopes  is  that  immediately  after  they  are 
obtained  in  the  breeding  channel  of  a  reactor,  they  continuously 
radiate  particles  and  heat.  Therefore,  after  enclosing  the  isotope 
in  a  shell  and  welding,  which  is  done  automatically  using  a 
manipulator,  it  must  be  placed  in  a  medium  with  intense  heat 
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removal,  for  example,  in  a  container  with  water,  dry  ice,  etc. 

If  this  is  not  done,  the  temperature  of  the  isotope  can  reach  such 
values  that  transporting  the  ampoule  will  be  extremely  difficult. 
It  can  lose  hardness  or  completely  melt. 

In  the  container  the  isotope  enters  the  installation,  where 
it  is  installed  in  the  housing  of  the  ampoule  screwed  in  by  the 
plug  5,  and  welded.  The  combination  of  threading  and  welding 
ensures  a  strong  and  hermetic  seal. 

The  thick-walled  housing  of  the  ampoule  h  is  made  of  heat- 
resistant  material.  The  outer  surface  of  the  ampoule  is  conical, 
which  provides  for  simplicity  of  installation  into  the  housing  of 
the  station  6. 


Fig.  2.60.  Ampoule  of  an  isotopic  heat  source. 

The  figure  also  shows  other  designs  of  ampoules  which  differ 
only  in  the  shape  of  housing. 
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The  thick-wall  design  is  determined  by  the  strength  requirement. 

j  ‘  . 

The  ampoule  must  not  break  upon  impact  with  th^  groUnd. 

i  i  '* 

Figure  2.61  shov/s  the  design  of  a  210  \V  isotope  installation. 

The  working  medium  is  the  isotope  strontium-90,  the  temperature  of 
the  hot  junction  of  the  converted  is  530°C,  and  the  temperature  of 
the  cold  junction  is  380°C.  The  installation  iConsists  of  a  source 
of  energy  1,  2,  thermal  converters  3,**!,  5>  and  a  thermal  capacity 

control  system  6,  7,  8,  9.  i  (  , 

.  *  ■  | 
l 

The  isotopic  source  1  and  the  thick-walled  housing  21  heats  : 
the  liquid  metal  between  the  two  sh’ells  3' and  *1  of  the  installation's 
housing  and  the  hot  junction  of  the  thermal  converter  5.  '  In  the  > 
initial  stage  of  operation  excess  therihal  capacity  is  discarded  into 

.  I 

space,  for  which  the  control  system  is  designed.  This  system, 

consists  of  a  movable  radiator-screen  6, 'supports  7,  and  flaps 

which  are  turned  relative  to  the  immovable  axes  8.  T..e  flaps  are  1 

opened  by  supports  7  during  movement  of  the  rAdiator-screen 'as 

* 

a  result  of  thermal  expansion  of  the  liquid  metal  and  deformation  of 
the  sylphon  bellows  10.  ,  •  '  i  r  ! 

>  , 

Figure  2.62  shows  one  of  the  possible  designs  of  l'ow-power 

I 

Isotope  installations-.  .  i  1  .  . 

i  1 

i 

Ampoule  stress  analysis 

I  1  : 

The  analyzed  modes  of  the  ampoule  housing  are: 

-  operating  mode;  the  principal  l6ading  of  the  ampoule  Is 
due  to  the  helium  pressure  at  the  end  of  operations; 

-  technological  mode thermal  stresses  arising  with  the  cooling  ■ 
process  in  the  ampoule  walls  during  transport  are  examined;  : 

-  emergency  mode;  the  strength  of  the  ampoule  during  fall  Is 

examined.  1  ‘ 


i 
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Let  us  consider  the  strength  of  the  ampoule  in  the  operating 
mode.  We  shall  assume  that  the  ampoule  is  uniformly  heated,  i.e., 
the  temperature  gradient  along  the  housing  is  ignored.  For  wall 
thickness  we  take  not  only  the  thickness  of  an  ampoule  housing 
itself  (this  is  shown  by  the  dotted  line  on  Fig.  2.63b)  but  also 
the  thickness  of  the  installation  housing  due  to  its  diffusion 
welding. 

The  rated  helium  pressure  in  the  ampoule  is  determined  from 
the  diagram  of  its  dependence  on  source  radiation  time. 

As  is  seen  from  Fig.  2.63a,  helium  pressure  depends  also  on 
the  free  space  v  remaining  in  the  ampoule  after  installation  of 
the  Isotope.  If  this  volume  is  small  (v  =  and  is  determined 
only  by  the  clearance  with  which  the  isotope  is  installed  in  the 
ampoule,  the  pressure  can  be  extremely  high  and  the  ampoule  becomes 
heavy.  If  the  volume  is  large  (v  *  v^),  the  ampoule  can  also  be 
heavy . 

This  diagram  makes  it  possible  to  solve  the  problem  in  another 
manner.  By  assigning  the  pressure  in  the  ampoule  (no  more  than  100- 
120  daN/cm  ) ,  we  can  determine  from  the  diagram  the  required  free 
space  and  thus  design  a,  source. 

Ampoule  elasticity  equilibrium  equations 

Figure  2.63b  shows  an  ampoule  of  an  isotopic  source  and  an 
element  cut  out  of  the  ampoule  with  the  stress  vectors  or,  ,  oz 
applied  to  it. 

We  know  the  dimensions  of  the  ampoule  a,  b,  l,  the  parameters 
p,  t,  t,  and  the  diagram  o  =  Ee.  Find  or,  o^,  oz,  n. 

Let  us  take  an  element  from  the  wall  of  the  ampoule  and  apply 
to  its  faces  elasticity  force  vectors  (Fig.  2.6fl): 


Nr—9flrd<p; 

;Vr -f UN,  =  irlr  d^d  (a,/r  //?); 
N9—a9t  dr\ 
Nz—sSdydr. 


We  shall  project  these  forces  onto  the  vertical  axis: 

—  z,lr  do  -L  zrlr  do  d{zrlr  do)—2iil  dr*--1-  =  0. 

After  reducing  all  terms  by  l  and  d^,  and  replacing  sin  d^,  ~  d,p 
and  d(orr)  =  dorr  +  ordr,  we  obtain  the  equation 


3r—  -f-  3/=0, 


(2.82) 


which  connects  the  two  unknown  stresses.  We  have  three  unknowns; 
therefore,  we  shall  seek  a  second  equation.  Let  us  proceed  to  the 
strain  of  this  element. 
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Pig.  2.63.  Ampoule  analysis. 


Pig.  2.64.  Ampoule 
element. 


It  is  perfectly  obvious  that  the  element  is  in  a  three- 
dimensional  stressed  state.  The  following  dependences  are  valid: 


£r  =  4'(3r-P?-*^*); 
E 

E 


We  examined  the  strains  of  the  element  ep  and  :  its  elongation 
and  the  radial  displacement  of  all  points  of  its  cross  sections. 

The  radial  displacement  of  points  of  the  inner  surface  of  the  element 
is  designated  by  u.  The  points  of  the  outer  surface  are  displaced 
along  the  radius  u  +  du;  thus,  the  thickness  of  this  element 
increases  by  du  and  the  relative  elongation  of  the  material  in  a 
radial  direction. 


dr  +  du  —  dr _ du_ 

dr  dr 


In  the  direction  of  peripheral  stresses 
elongation  is 


o  the  relative 
<P 


_  _ flj^i — ab  (r  +  u)dy  —  ry  u 

•9 - Z - “ - - - t 

ab  r *  r 


hence 


1  ,  %  du 

E/.  =  _  (0f  ~  -  p,)  =  __  J 

e?  =  ~jf  K  -  Fr  ~  F*)  • 
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Since  er  and  are  determined  through  the  same  function  u,  we 
find  the  strain  equation.  Let  us  differentiate  with  respect  to  r 


t 


We  introduce  into  this  equality  the  values  of  and  e  : 


d_ 

dr 


J”(39—  Fz.) 


(2.83) 


After  differentiating  the  left  side  and  reducing  similar  terms j  we 
obtain 


dr 


r 


1  4-  I* 
E 


(Of  3<p) , 


(2.84) 


or,  if  we  assume  E  =  const  and  a  -  const 


do9  da r  I+ji 

dr  ^  dr  r 

Substituting  into  < 2 . 84)  the  relation  (2.82),  we  find 

da  dar  dar 

-(H-J1)-—-, 

dr  dr  dr 

or 


(2.85) 


£t+2f-0. 

dr  dr 


(2.86) 


For  a  joint  solution  to  equations  (2.82)  and  (2.86)  we  shall 
differentiate  the  first  with  respect  to  r  and  substitute  into  it 
the  value  of  doqj/dr  from  the  equation  (2.86): 
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(2- 87) 


^=2— +  — r;  — r-f3— =0; 

dr  dr  1  <fr2  rfr2  <//■ 

</2ar  ,  3  dof  n 

- 1 - —  =  U. 

tfr2  '  r  dr 


The  integral  of  this  equation  will  be  af  =  A  +  (Bj/Cr^),  which  can 
be  checked  by  direct  substitution.  Analogously,  we  find 
=  A  -(B)/(r2). 

The  constants  A  and  B  are  found  from  the  conditions  for  the 
internal  and  external  surfaces  of  a  cylinder: 


s T-—p  tipti  r=a;  sr^0  npn  r=b. 


ripn  =  when 


Then 


4  = 


(<2-fl2)  ’ 


B  = 


paW 

(62-fl2)  * 


Using  these  values  for  the  constants,  we  finally  obtain  formulas 

for  a  ,  o_  and  a: 
r*  <p  z 


(2.88) 


the  stress  a  we  find  from  the  condition  of  ampoule  loading  in  an 

u 

axial  direction  by  internal  pressure  p. 

Figure  2.65  shows  diagrams  of  stresses  in  the  walls  of  the 
ampoule.  Maximum  stresses  develop  on  the  internal  surface 
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of  the  ampoule.  It  is  important  to  note  that  radial  stresses  are  . 
negative. 


The  ampoule  safety  coefficient  is 


°l  max 


generalized  stress  o.^  is  found  from  the  formula  for  the  three- 
dimensional  stressed  state:  .  i 


3,  =  to, 5 1(3,-  3f)3  +  ( V -  ,,y  +  (3,  -  . 


(2’.  89) 


The  safety  coefficient  should  be  n  =  1. 1-1.2.  ' 

i 

2.3.  SOLAR  ENERGY  CONCENTRATORS  FOR  AN  ERE 

i 

We  know  that  the  sun  radiates  tremendous  energy.  The  density  , 

of  the  solar  energy  flux  beyond  the  earth's  atmosphfere  (called  the 

solar  constant)  is  S  =  1.4  kW/m  ,  and  near  the  earth's  surface  at 

2  1 

the  equator  reaches  1  kW/m  .  '  1 


A  flat, surface  is  the  simplest  solar  energy  receiver.  Mirror 
concentrators  give  great  density  of  solar  energy  and,  particularly, 
of  thermal  solar  energy. 


Fig.  2.65.  Diagrams  of  stresses 
in  ampoule  v/alls. 


The  effectiveness  of  a  concentrator  is  determined  by  the  solar- 
ray  concentration  coefficient  n,  which  is  equal  to,  the* ratio  of. 
the  thermal  flux  in  the  collector  trap  to  the  solar  flux  S  incoming 
from  space.  The  value  of  i  is  80-2000. 
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.  -  *  i  * 

The  quality  of  the  device  for'  concentration  and  reception  of 

solar  energy  is  defined  as  the  quantity  of  efficiency  n  u,  which 

is  the  product  of  the  efficiency  of  the  mirror  and  the  efficiency 

of!  the  concentrator  trap.  The  effecie!ncy  of  the  mirror  is  equal 

to  the  rqtio  of  the  energy  incident  on  the  trap  to  the  energy 

incident  on  the  mirror.  The  energy  of  the (trap  is  equal  to  the 

ratio  of  the  outgoing  trap  energy  to  tlie  incident  trap  energy.  The 
*  1  • 
energy  of  the  solar  concentrator  for  various  designs  and  conditions 

is  nc  =  O.3-O, 8. 

■  i  C  ,  K  1 

1  1 

,  ,  1  . 

We  can  show  the  following  values  for  the-  specific  masses  of 
metal  concentrators:  y  = .  0 . 9 — ^ - 6  kg/tn2.  . 

1  . 

The:  specific!  power  of  solar  concentrators  for  these  types  at 

ja  trap  wall  temperature  of  800-2000°C  is  -.N’  =  0.1-0. 4  kW/kg. 

1  s  yfl 

•'  •  ‘ 

The  construptlon  of  solar'  concentrators  is  simple  but  they  do 

have tsome 1  shortcomings :  the  basic  design  element  -  the  mirror  - 

loses  reflecting  capacity  durihg  operation  due  to  surface  damage; 

>  (  '  , 

the  concentrator  does  not  operate. when  shaded;  it  is  not-  expedient 
to  use  such  construction  for  powers  above  20  kW  because  of  its 
large  mass  and  cumbersome  nature.  !  '■ 

j  ' 

Based  on  structural  form;  all  solar  concentrators  can  be  divided 
into  nonfolding  and  folding.  'Based  on  the  shape  of  the  mirror's 
surface,  concentrators  are  broken  down  into  parabolic,  conical 
(Fresnel  mirror)  and1 sphpric^l.  1 

1  •  ' 

I  j  . 

Structural  diagrams  of  solar  concentrators 

1  i  ' . 

!  Figure  2.66a  is  a  diagram  of  a  nonfolding  solar  concentrator 

l 

with  a  conical  mirror  ,su’rface.> 

'  1  ,  ) 

,  The  concentrator  consists  of  a  mirror  1  which  is  formed  by 
ring-shaped  cdnical  surface^,  a  mirror  jbase  2  which  is  the  structural 
.force  element  holding  the  mirror  to  the  steel  power  plant,  a  force 
ring. 3,  three  rods  4!,  and.  a  thermal  trap  5-  This  design  is  the 
simplest  and  can  serve  as  an  auxiliary,  comparatively  low-power, 
energy  source. 
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Figure  2.66b  is  a  diagram  of  the  folding  parabolic  mirror  for 
a  high-power  solar  concentrator.  The  concentrator  consists  of 
mirror  surfaces  1  and  2,  a  mirror  base  with  a  force  ring  3,  three 
rods  ll,  and  a  thermal  trap  5. 


Fig.  2.66.  Structural  diagram  of  solar  concentrator. 

KEY:  (1)  View. 

To  reduce  the  size  of  the  mirror  on  launch,  its  upper  part  is 
made  in  the  form  of  leaves  which  can  be  turned  on  a  joint  6  by  the 
hydraulic  system  and  the  power  cylinders  7;  in  addition,  each  leaf 
of  the  mirror  can  be  turned  relative  to  its  own  axis  8  (see  View  A). 
After  the  leaves  are  turned  to  the  working  position  relative  to 
hinge  6,  they  are  unfolded  to  the  working  position  relative  to 
axis  8  by  hydraulic  cylinder  9. 

The  dimensions  of  concentrators  can  reach  25-30  m  in  diameter 
and  create  power  for  the  power  plant  of  up  to  30  kW.  An  example 
of  solar  concentrator  mirror  construction  is  shown  in  Fig.  2.67. 
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The  mirror  surface,  in  this  case,  is  conical  (Figure  2. 57a), 
a  multilayer  rigid  design.  On  the  main  force  ring  1,  soldered  to 
the  ring  base  2,  a  stainless  steel  profiled  surface  3  is  instaJleu. 
•To  improve  the  reflecting  capacity  of  the  surface,  a  layer  o. 
aluminum  4  (layer  thickness  0.05-0.01  mm)  is  applied  to  it  and, 
to  strengthen  this  layer,  another  layer  5,  which  is  similar  in 
composition  to  glass  (SiOg),  with  a  thickness  of  less  than  0.2  mm 
is  also  applied. 


On  the  nonoperating  side  of  the  surface  3  a  honeycomb  6  of 
thin  aluminum  (wall  thickness  less  than  0.1  mm,  view  A)  is  soldered. 
Packed  in  the  cells  is  fibre  glass  7,  a  strong  light  insulating 
material.  The  entire  structure  is  connected  by  soldering.  In  this 
way,  a  mirror  surface  is  achieved  which  ensures  high  insulation 
efficiency . 


Figure  2.67b  shows  the  design  of  the  joints  for  unfolding  the 
mirror.  To  a  leaf  of  mirror  1  is  connected  bracket  2  with  a  pivot 
on  the  end.  Bracket  2  is  attached  to  rigid  frame  3  which  has 
swing  axis  k.  Support  5  with  axis  ^  is  attached  to  the  rigid  force 
ring  6  on  the  mirror,  which  with  the  mirror  base  7  comprises  the 
main  structural  system  of  the  solar  concentrator. 


Fig.  2.67.  Mirror 
construction. 

KEY:  (1)  View. 
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I-’gure  2.66  shows  the  design  of  tbs  thermal  trap,  joined  with 
the  thermoemmission  converter  .  The  power  of  the  installation  is 
500  kW;  voltage  is  28  V.  The  f rap  consists  of  a  housing  unit  1,  2, 

3,  *J,  a  heat  deflector  5,  6,  cesium  tanks  7,  8,  9,  and  forty 
converters  10,  11,  12. 

he  housing  is  made  in  the  form  of  a  multilayer  pentagonal 
pyramid,  between  the  shells  1  and  2  of  which  is  mercury  3  and 
between  the  other  two  2  and  *1  are  the  thermoemmission  converters. 

The  welded  heat  deflector  5  with  a  packing  of  heat-insulating 
materia]  6  is  welded  to  the  force  ring  7  filled  with  porous  nickel 
8  and,  at  the  same  time,  serving  as  one  of  the  cesium  tanks. 

Spherical  cesium  storage  9  of  similar  construction  is  attached  to 
the  summit  of  the  trap  housing.  The  thermoemmission  converter 
consists  of  a  cathode  tin  heated  with  mercury,  and  anode  11  cooled 
by  radiation  from  the  surface  of  the  trap,  and  a  pipe  12  for  channel¬ 
ing  the  cesium  vapors. 


Pig.  2.68.  Thermal  trap. 
KEY:  (1)  Mode  I  (inverted). 
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Fig.  2.69.  Thermal  trap 
with  controllable  flaps. 


/A 
/  \\ 

>  \\ 


for  T !„  “S  the  deSlgn  0f  the  thermal  tMP  with  naps 

for  controlling  the  thermal  flux.  The  trap  consists  of  a  ring  1 

or  attaching  to  the  concentrator  the  housing  parts  2,  3,  which 

form  he  cavity  ,  through  which  the  liquid  metal  is  p^ped  f 

peculiarity  of  this  design  is  the  possibility  of  controlling  the 

amount  of  thermal  flux  by  the  flans  «?  mho  a  u  u 
of  i-h*  .  y  llaps  5‘  Th  dashes  show  the  position 

f  flaps  when  the  thermal  flux  is  maximum.  The  device  6  which 
compensates  for  the  variation  in  the  volume  of  metal  in  the  trap 
during  heating  is  shown  in  the  inset. 

2.4.  FUEL  ELEMENTS 

A  fuel  element  is  the  electrochemical  device  in  which  the 
chemical  energy  of  the  fuel  is  converted  directly  into  electrical 
^rgy  without  intermediate  conversion  into  thermai  and  mechanical 


The  advantages  of  thermal  elements  are: 

elemcVT  °m°len0y-  Th<!0">‘i<»Uy  the  efficiency  of  thermal 
elements  is  double  the  efficiency  of  installations  with  mechanical 
power  conversion  and  can  reach  60%; 

it  1  "  l0”  !Pe°ifl°  '"Jlght  °f  the  p0Ber  Installation  on  fuel  elements, 
It  is  considerably  lower  than  a  turbogenerator  converter; 

-  comparatively  simple  structural  shapes  for  the  Installation. 

™  ",°  T°1VinS  PartS  8S  8XlSt  in  for  example, 

witn  mechanical  power  conversion. 
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Howj  er,  many  aspects  of  fuel  element  operation  have  not  as  y£t 
been  studied  and,  particularly  the  problems  of  long(  performance 
have  not  been  solved  for  the  materials  from  which  they  are  made-. 

•  .  i 

Fuel  elements  with  catalysts  fpr  acceleratirg  reaction  lose 

efficiency  during  operation  due  to  irreversible  processes  which 

arise.  '  * 

'  . 

Let  us  consider  fuel  element  classification.  ’  1 

•  i 

.  t  I 

Based  o..  the  method  of  using  the  working  medium  fuel  elements 

can  be  divided  into  two  groups;  simple  fuel  elements  or  direct-  1 

reaction  elements  and  regenerative  elements. 

}  • 

‘ 

In  the  first,  as  a  iesiijlt  of  a  chemical  reaction,  electric 
energy,  thermal  energy,  and  reaction  products  are  obtained. (  The^ 
reaction  products  are  not  used  again  in  the  fuel  element.  Such 
elements  must  have  tanks  with  a  working  medium  and  tanks  for  the  ! 
reaction  products.  A  typical  example  can  be  oxygen-hydfogen  and 

•  t  * 

oxyg‘-.r  carbon  fuel  elements.  The  reaction' product  in  them  is  water 
and  carbon  dioxide. 

i  i 

In  regenerative  fuel  elements  the  reaction  products  after 
regeneration  are  returned  to  the  fuel  element  for  reuse. 

'  1  i 

Based  on  the  type  of  working  ■ medium ,  fuel  elements  can  be  divided 
into  oxygen  and  liquid-metal.  In  oxygen  fuel  elements  the  process 
is  based  on  the  oxidation  reaction  of  the  fuel  (hydrogen1  or  ca'rbon). 
These  are  low-temperature  devices.  In'  liqiiid-metal  fuel  elements 
the  reaction  occurs  in  the  metal  alloys;  these'  are  high-temperature 
devices.  They  have  appreciably  higher  specific  Indices  than  the  i 
oxygen  fuel  elements.  However,  the  higher  temperatures  and  sometimes 
pressure  make  their  construction  somewhat  difficult. 

;  »  i 

i 

The  chief  difference  in  the  construction  of  a  fuel  element 

*  \ 

is  the  physical  state  of  the  working  medium  entering  the  fuel , element . 
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B'ased  on  this  factor,  fuel  elements  can  be  designated  gas-gas  1 
(for  example,  hydrogen-oxygen  fuel  element),  gas-liquid  (lithium- 
hydrogen  fuel  element),  liqyid-liquid  (element  on  metal  alloys). 

!  i  •  ,  .  i 

All  fuel  elements  have  a  medium  which  separates  the  electrodes 
and  assists  the  free'  transfer  of  ions  from  one  electrode  to  another 
but  prevents  the  transfer  of  neutral  atoms.  This  medium  is  the 

i  i  i  “ 

electrolyte,  which  has  in  its  composition  atoms  .of  the  working  medium 
.of  the  fue'l  element;  bub  does  not  dissolve,  the  electrodes.  •  ; 

1  ,  i 

>  *  '  !  , 

Biased1  on  the  type  of  electrolyte ,  fuel  elements  are  divided  > 
‘into  oxygen,  alkaline,  and  liquid-metal.  Electrolytes  can  be  used 
in  a  liquid  or  solid  (quasi-rsolid)  state.  In  the  latter  case  the  1 
fuel  element  has • an  lon-exchanget  membrane. 

i  1  ,  .  1  i 

\  % 

STRUCTURAL  DIAGRAMS  OF  FUEL  ELEMENTS  1  1  1 

.  ,  ! 

i 

Hy.drogen-oxygen  and  carbon-oxygen  elements  with  1 

a  liquid  electrolyte  '  i  i  1 

1 

This  type  of  fuel  element  i  includes  several  de’sigris  which  differ 
in  material  ’and  sLjape  of  electrode,  electrolyte,  and  output.'  The  ! 
structural  diagram  of  such  a  fuel  element  is  shown  in  Tig.  2'. 70.  ' 

,  This  fuel  element  consists  of  a  fueli  chamber  !1,  an  'oxidizer  , 
chamber  2,  porous  electrodes  3  and'*!  (a  cathode  and  anode,  .respec¬ 
tively),  an  electrolyte  5.  This  is  a  direct-reaction  element.  It 
has  a  low  or  medium1'  working  reaction  temperature;' the  electrolyte 
is  a  solution  dr  melt1 of  salts,  for  example,  potassium  (KOH),  soda 
'(^200,);  the  fuel  is  hydrogen  or  carbon  and  the  oxidizer  is  oxygen. 

i  '  \ 

In  the  example  of  this  fuel  element,  operating  with  working 
mpdia  which  are  in  various  phase  states  (gas-ljLquid-gas ) ,  find 
the  main  difficulties  in’  creating  a  fue'l  element. 

i  i  !  '  •  1 

I  l 

J 

For  the  direct  reaction  of  converting  chetoical  energy  into 

‘electrical,  just  as  in  a'  galvanic  cell,  in  a  fuel  element  it  is; 

1  •  .  ,  . 
i  _ 

j 
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necessary  to  establish  direct  contact  between  the  three  critical 
parts:  the  working  medium  (for  example,  hydrogen),  the  electrode 
and  the  electrolyte  (for  example,  KOH  salt  solution).  Obviously, 
contact  between  such  different  types  of  media  is  impossible  without 
separating  devices.  In  fuel  elements  with  gas-liquid-gas  working 
media  separation  is  accomplished  by  electrodes  which  are  made  in  the 
form  of  a  porous  body. 

A  sketch  of  such  an  electrode  is  shown  in  Pig.  2.?0b.  The 
central  problem  in  designing  the  electrode  is  the  evaluation  and 
selection  of  pore  dimensions. 


a)  '  b) 

FLg.  2.70.  Diagram  of  a  hydrogen-oxygen  fuel  element. 

KEY:  (1)  Node  I. 

The  electrode  pore  dimensions  must  be  such  that  in  the  working 
mode  of  the  fuel  element  the  equilibrium  of  forces  in  the  pores  is 
preserved:  the  capillary  pressure  of  the  liquid,  the  pressure  due 
to  the  surface  tension  of  the  liquid  film,  and  the  gas  pressure. 

In  pores  of  extremely  large  dimensions  •  (pore  a)  the  electrolyte 
does  not  penetrate  to  the  electrode  because  of  the  low  capillary 
pressure.  Gas,  for  example,  H-,  and  02,  can  penetrate  through  the 
pore  to  the  electrode  and  form  a  dangerously  explosive  mixture. 
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In  extremely  small  pores  (pore  c)  the  gas  does  not  penetrate 
to  the  electrode  because  of  high  capillary  pressure.  The  electrolyte 
"leaks"  into  the  gas  cavity  of  the  working  medium,  which  disrupts 
the  stable  operation  of  the  fuel  element. 

Only  the  necessary  pore  size  (pore  b),  as  a  result  of  the 
proper  selection  of  forces  acting  on  the  liquid  and  gas  separating 
surface,  ensures  the  stable  contact  of  gas-reagent,  electrolyte  and 
electrode  and,  consequently,  reliable  operation. 

The  reason  for  the  great  structural  differences  of  numerous 
hydrogen-oxygen  and  carbon-oxygen  elements  becomes  perfectly  clear. 

In  addition  to  their  difference  in  the  electrode-electrolyte  node 
they  have  other  differences  in  the  design  and  output  parameters  of 
the  fuel  element.  One  of  the  first  fuel  elements  is  the  Bacon 
element  (Pig.  2.71a).  The  most  important  difference  here  is  the 
construction  of  the  electrodes,  which  are  designed  in  the  form  of 
porous  nickel  plates  with  different  pore  cross  sections.  In  zone 
2  of  the  plate,  which  is  in  contact  with  the  gases,  the  pore 
dimensions  is  increased  and  reaches  30  pm.  In  zone  3  of  the  plate, 
which  is  in  contact  with  the  electrolyte  (KOH),  the  pores  are 
reduced  to  15  pm. 


/— KCH 


Pig.  2.71. 
elements . 


Hydrogen-oxygen 


The  electrolyte  1  circulates  as  a  result  of  natural  convection. 
The  fuel  element  operates  at  approximately  230°C  and  30-70  at. 

(It  must  exceed  the  vapor  pressure  of  the  electrolyte;  otherwise, 
the  latter  will  boil  and  evaporate). 
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Gas  pressure  exceeds  electrolyte  pressure  by  0.2-0. 5  at. 

The  high  working  medium  pressures  are  a  disadvantage  of  this  fuel 
element.  Heating  is  accomplished  by  the  thermal  reaction  which 
occurs  in  the  element.  An  advantage  of  the  element  is  its  high 

p 

current  density,  which  is  0.8  A/cm  .  Voltage  in  the  circuit  is 
U  =  0.7  V. 

Figure  2.71b  shows  a  simplified  diagram  of  a  fuel  element  with 
activated  graphite  electrodes.  In  literature  it  is  known  as  the 
Korden  diagram. 

The  element  is  made  in  the  form  of  a  cylindrical  sealed  vessel, 
in  which  two  tube  electrodes  are  placed.  Gaseous  hydrogen  and 
oxygen  pass  along  the  electrodes.  The  electrodes  are  of  pressed 
porous  activated  graphite.  Pores  provide  both  a  separation  between 
the  gaseous  reagents  and  the  liquid  electrolyte  and  the  diffusion 
necessary  in  order  to  obtain  ions,  electric  current,  and  water. 

This  fuel  element  operates  at  50-70° C  and  atmospheric  gas 
pressure.  The  output  characteristics  of  the  element  are  current 
density  i  =  1  A/cm2  at  U  =  0.7  V. 

The  design  of  a  carbon-oxygen  element  differs  little  from  the 
elements  examined.  We  know  of  such  an  element  where  soda  NgCO^ 
serves  as  the  electrolyte.  It  operates  at  high  temperatures  (1000- 
1100°C).  The  operating  time  element  is  several  hours.  Melted 
soda  is  agressive.  It  even  corrodes  platinum.  The  element  is 
also  dangerously  explcsive  and  is  inferior  to  an  oxygen-hydrogen 
element  in  current  density. 

l 

Hydrogen-oxygen  element  with  an  ion-exchange  membrane 

Liquid  electrolyte  in  a  fuel  element  (Fig.  2.72)  creates  a 
number  of  specific  difficulties  with  its  location.  The  need  to 
provide  a  hermetic  seal  and  packing,  as  well  as  the  possibility 
of  the  electrolyte  mixing  with  the  working  medium,  complicates 
construction,  makes  it  heavy  and  reduces  reliability.  This  is 


why  fuel  elements  with  a  solid  electrolyte  in  the  form  of  a  ion- 
exchange  membrane  have  a  considerable  advantage. 


Pig.  2.72.  Structural 
diagram  of  a  hydrogen- 
oxygen  element. 
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The  ion-exchange  membrane  is  an  acid  electrolyte  in  a  quasi¬ 
solid  state.  Its  properties,  just  as  the  properties  of  the 
electrolyte.  Include  the  fact  that  the  hydrogen  ions  can  move  from 
one  side  of  the  membrane  to  the  other  and  the  neutral  atoms  cannot. 
Each  side  of  the  membrane  is  covered  with  a  layer  of  platinum  grid, 
which  is  the  electrode  of  the  fuel  element  and  its  catalyst.  Current 

p 

density  i  =  0.3-0. 5  A/cm  at  U  =  0.7  V.  Membrane  thickness  can  reach 
0.8  mm,  including  the  electrodes. 

As  seen  from  the  drawing,  the  ion-exchange  membrane  2  is 
covered  with  a  platinum  grid  3,  which  passes  to  the  electrodes. 

The  water  which  is  in  the  oxygen  chamber  does  not  wet  or  penetrate 
through  the  electrolyte  since  it  admits  only  positive  hydrogen  ions. 

The  membrane  consists  of  a  porous  ceramic,  mixed  with  a 
polymer,  into  wnich  sulfuric  acid  is  introduced. 


The  electrodes  are  made  in  either  the  form  of  solid  platinum 
foil  up  to  A  =  0.2  mm  thick,  or,  to  improve  the  diffusion  of  gas 
through  the  foil,  in  the  form  of  a  grid  of  nickel  wire,  d  =  76  urn 

p 

in  diameter  (60  openings  per  1  cm  ) ,  coated  with  platinum.  This 
ensures  the  simultaneous  contact  of  electrolyte,  electrode,  and 
gas. 

The  disadvantages  of  this  fuel  element  are  as  follows:  the 
element  is  expensive,  has  low  current  densities  as  compared  with 
other  elements,  particularly  during  long-duration  loading  (j  *  0.3 
mA/cm2  when  U  =  0.75  V,  which  is  one  order  less  than  othei ’fuel 
elements) . 

The  lifetime  of  a  fuel  element  depends  upon  the  operation  of 
the  membrane.  Cracks  in  the  membrane  put  the  element  out  of  service. 
The  hydrogen  used  must  be  very  pure.  The  operation  of  the  element 
is  improved  if  its  operating  temperature  is  above  1)0°C,  but  this 
impairs  the  operating  conditions  for  the  ion-exchange  membrane  and, 
consequently,  the  lifetime  of  the  fuel  element.  The  advantage  of 
this  element  is  its  small  size.  One  element,  can  be  1  mm  thick. 

Regenerative  fuel  elements 

Very  advantageous  is  the  type  of  fuel  element  where  the  chemical 
reaction  products  are  regenerated  for  repeated  use. 

According  to  the  diagram  presented  in  b’ig.  2.73,  a  fuel  element 
can  be  connected  with  a  regenerator  in  which  the  reaction  products 
formed  in  the  element  are  restored  to  the  initial  reagents  and  fed 
again  to  the  element. 

Obviously,  the  same  amount  of  energy  as  is  produced  in  the  fuel 
element  is  fed  to  the  regenerator.  Usually  regenerative  devices 
are  thermal  and,  therefore,  they  are  called  thermal  regenerators. 

Also  possible  are  other  types  of  regenerators,  for  example,  chemical 
and  electrochemical. 
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Pig.  2.73.  A  regenerative  fuel 
element . 

KEY:  (1)  Reagent;  (2)  Regenerator 
(3)  Reaction  product;  (4)  Fuel 
element. 


Thermal  regeneration  lies  in  the  heating  of  the  alloy  which 
has  been  formed  during  energy  production  to  a  temperature  at  which 
the  component  possessing  the  lowest  boiling  point  evaporates  from 
the  alloy.  Then  the  vapor  is  condensed  in  the  condenser,  collected 
as  is  the  depleted  alloy,  and  returned  along  separate  lines  to  the 
fuel  element. 

It  is  assumed  that  the  components  have  thermal  and  physical 
properties  which  make  their  separation  technically  possible. 

A  fule  element  with  thermal  regeneration 
(lithium-hydrogen) 

* 

This  is  one  of  the  simple  elements  with  thermal  regeneration 
(Fig.  2.7,l).  The  system  consists  of  a  fuel  element  1,  2,  3,  ^ 

(in  which  lithium  is  hydrogenized)  operating  at  ^50°C  and  a  regen¬ 
erator  5  operating  at  a  temperature  above  850°C,  in  which  the 
lithium  hydride  disassociates  into  its  component  parts.  The 
electrolyte  is  a  melted  eutectic  mixture  LiF-Li;  the  cathode  is  a 
porous  metal  electrode  3,  and  the  anode  the  housing  of  the  fuel 
element  (1). 

The  structural  diagram  of  the  element  is  shown  in  Fig.  2.7^. 
This  is  an  example  of  a  fuel  element  where  the  working  media  are 
in  different  aggregate  states  -  liquid  and  gas. 
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Pig.  2. 7^.  Structural  .diagram  of 
a  regenerative  fuel  element1. 
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Liquid-metal  fuel  element  (mercury-mercury  amalgam)  , 

1 

Sodium  amalgam  and  mercury  enter  into  an  electrochemical 
reaction  in  the  fuel  element  (5,  Pig.  2.75).  The  reaction  products 
are  then  thermally  divided  into  the  initial  reagents  by  means  <pf 
distillation  in  the  regenerator  2;  heat  for  separation  is  obtained' 
from  heat  source  1.  1 

i  « 

[ 

The  basis  of  the  fuel  element  consists  of  a  porous  ceramic 
ion  membrane  saturated  by  an  electrolyte  of  liquefiofi  sodium  sialt. 

The  melt  is  held  in  the  pores  of  the  membrane  by  capillary  forces.?, 
When  the  sodium  flows  through  the  element,  its  atoir.3  are  transformed 
into  ions  on  the  surface  of  the  membrane,  giving  a  negative  charge  , 

I 

to  the  electrode.  .  .  i 

Simultaneously  the  sodium  ions  are  transformed  into  atomfe  on  . 
the  surface  of  the  second  electrode  where  they  react  with  the  merc'ury, 
forming  an  intermetallic  compound  of  the  Ma  Hg  type.  As  a  res.ult 

A 

of  the  overflow  of  sodium  ions,  the  sodium  concentration  near  the 
negatively  charged  surface  of  the  membrane  decreases;  near  the  i 
positively  charged  surface  the  mercury  is  saturated  by  a  weak 
solution  of  sodium.  i 


i 


I 


.  ( 

1  .  * 

!  "  •  •  •  ;  !  •  '  .  ’  . 

.  I 

5  ■  ( 

As  a  result’ of  the  process,  th'e  depleted  .sodium  and'mercury 

1  ‘  {  i  1 

amalgam  leave  the  element.  Then  both  of  these  flows  are  united  and, 
an  electromagnetic  pump',  are 'pumped  inti  the  regenerator  2. 


,  U) 

yjejjf 


[am  *  atj  tnfl  ~  melting 'point] . 

i  ,  *  ! 

In  the  separator  of  regenerator  2,  while  being  heated  from  an 
'extraneous  heat  source  1  (reactor,  heat  trap,  solar  concentrator), 
the  amalgam  is  enriched  with  sodium.  s 

i 

i  , 

The  more  easily- evaporating  part(-  mei’cury  -  passes  into  the 
co'ndenser  3;  hence  liquid  mercury  moves  to  the  fuel  element.  Enriched 
with  sodium,  th<J  alloy  moves  to  condenser  4  and,  thence,  after  reach¬ 
ing  temperatures  of  "*)750C,  to  the  fuel  element. 

,  i  : 

peculiarity  of  the  electric  energy'  regeneration  process  is 
the  fact  that  the  transformation  of  chemical  energy  into  electrical 
is  accompanifed  by  the  absorption  ‘of  heat  during  the  regeneration  of 
an  .alloy  and  the  release  of  heat  during  the  condensation  of  mercury 
vapor  and  tHe  cooling  of , enriched  alloy. 
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Since  heat  release  is  best  carried  out  at  the  maximum  possible 
reagent  temperature,  the  temperature  of  the  radiator  is  set  at  ^75°C 
(according  to  the  working  medium);  this  temperature,  with  which  the 
alloy  and  the  mercury  enter  the  fuel  element,  is  determined  by 
the  efficiency  of  the  electrolyte.  Actually,  the  optimal  temperature 
of  the  electrolyte  is  its  melting  point.  In  this  example,  the 
melting  point  is  J)60°C. 

The  pressure  of  the  mercury  vapor  leaving  the  separator  is 
-7  at.  With  the  same  pressure  the  enriched  alloy  of  mercury  amalgam 
enters  the  fuel  element.  Thus,  the  membrane  in  the  element  bears 
no  loading  from  reagent  pressure. 

Figure  2.76  shows  the  construction  of  a  hydrogen-oxygen  element. 
The  ion-exchange  membrane  1  is  covered  with  a  thin  platinum  grid. 
Hydrogen  is  fed  to  the  membrane  through  pipe  3>  oxygen  through  pipe 
*1.  The  closed  cavity  5  holds  the  coolant  supply.  Elements  6  fix 
the  wall  and  hold  the  wick  7  which  collects  and  drains  the  water 
formed  as  a  result  of  the  element's  operation.  The  membranes  1 
are  insulated  by  insulators  8. 

Figure  2.77  shows  the  construction  of  a  liquid-metal  fuel 
element.  'IT  'on-exchango  membrane  1  is  soldered  to  the  steel  rim 
2;  it  separ..  .  two  cavities  of  active  metal  A  and  E>  formed  by  thin 
plates  ,t.  The  membrane  is  attached  with  wires  3;  they  ensure  a 
uniform  opening  for  cavities  A  and  E.  Parts  2  and  I)  of  the  element 
ar*e  insulated  by  a  layer  of  A^O^,  5.  The  metal  alloy  is  drained 
through  pipe  6. 

Figure  2.78  is  a  drawing  of  a  lithium-niter  fuel  element  and 
a  unit  of  such  elements.  The  element  consists  of  a  cathode  1  of 
vanadium,  a  magnesium  electrode  2,  and  an  electrolyte  -  lithiuin- 
niter  3.  The  reaction  product  nitrogen  is  eliminated  with  filter  *1. 
The  change  in  the  dimensions  of  the  element  during  operation  is 
compensated  by  spring  5*  Heater  6  is  provided  to  warm  up  the  element. 
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Pig.  2.77*  Construction  of  a  liquid-metal 
fuel  element. 

In  this  fuel  elemnet  the  functions  of  the  fuel  and  the  anode 
(lithium),  as  well  as  'he  oxidizer  and  the  electrolyte  (niter) 
are  combined,  which  appreciably  simplifies  construction  and  decreases 
the  weight  of  the  installation. 


Pig.  2.78.  Construction  of  a  liquid-metal  regenerative 
fuel  element. 

KEY:  (1)  Inverted]  (2)  Insulation  +  solder. 
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CHAPTER  III  ,  ;  , 

,  i  j  . 

CONVERTERS 

i 

3.1.  MECHANICAL  CONVERTERS  :  !  ,  : 

i  1  , 

Of  the  familiar  methods  of  converting'  thermal ‘energy  into 
electrical,  the  turbogenerator  method  occupies  -a  peculiar  position. 
This  method  of  obtaining  electrical  energy  is  historically  !  _  s 

established  and  there  has  been  considerable  design  and  operational 

I 

experience  in  this  area  of  technology.  .  1  , 

*  *  • 

I 

Thermal  energy  obtained,  for  example,  from  the  combusti'on  of  i 
a  chemical  fuel  o.v  from  the  decay  of  a  nuclear;  fuel  in  a  reactor, 
goes  to*  heat  the  working  medium  and  obtain  the  vapor  ,which  'brings  > 

•  .  *  I  . 

the  turbine  into  operation.  ,  , 

*  i 

.  •  •  i 

A  turbine  is  the  lightest  and  most  compact  oft  all  known 
machines  for  transforming  thermal  energy  into  mechanical.  The 
mechanical  energy  of  a  turbine,  in  turn*  is  converted,  by  a  generator 
connected  to  the  turbine,  into  dc  or  ac  current  of  various  frequencies 
Such  converters  make  !it  possible,  with  limited  size  factory,  to  , 
obtain  high-power  electrical  current  (100  kW  and  higher).  In  •  ■ 
addition,  with  the  mechanical  conversion  of- energy  we  obtain  the 

I  *  1 

highest  conversion  efficiency  (*10-50%). 

.  1 

In  extraterrestrial  power  plants  with  mechanical  energy; 
converters,  the  use  of  turbines  operating  on  the  Rankine  steam 
cycle  is  proposed  (the  efficiency  of  the  Rankine  cycle  approaches  ■ 

i 

the  efficiency  of  the  ideal  Carnot  cycle).  ( 
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Figure  1,3, shows  one  of  the  possible  ERE  systems  with  a  power 
plant  operating  on  the  Ranlcine  cycle  [3*0*  ,  ? 

'  ’  !  1  i  i  •  •  ' 

1  As  working  media  in  the  turbine  of  an  extraterres’tria,!  power  i 
plant,  we  proposed  the  use  of  the  vapors'  pf  such  rtietals  as  mercury, 

1  '  t  ,  i 

potassium,  sodium,  sodium  and  potassium  alloys,  etc.  Liquid-metal 
heat-transfer  agents  have.high'boiling  points  with  comparatively  loto  , 
pressures,  which  makes  it  possible  to  maintain,  lqw  pressure  in  the 
pow4r  plants.  This  is  particularly  important  for  an  extraterrestrial 
plant,  where  the  hea£  removal  of  the  cycl^  (heat  release  into  the 
ambient  medium)  is  only  effective  at  high  temperatures.  The  char- 

i  ,  ,  ! 

apt'eristlc  processes,  of  boiling  and  condensation;  for  such  heat-transfer 
agents  and  the  high  heat-transfer  coefficients  make  it  possible  to 
transfer  considerable  amounts  iof  heat  in  small  and' light  weight,  1 
.  heat-exchange  devi-ces.  1 

.  i  ,  l 

•  «  I  i  •  .  * 

*  *  I 

^  1  J 

On  the  other  hand,  the  use  of  these  heat-transfer  agents  . 
poses  the  problem  of  the  selection. of  structural  materials  which  , 
will  preserVe  sufficiently  high  strength  and  corrosion  properties 
at  high  temperatures  in  a  medium  of  liquid  metals  and  their  ivapors. 


! 


I  .  . 

Because  of  thef  low  viscosity  of  liquid-metal  heat-transfer 
agents,  comparatively  low  powers  are  required  to  pump  them  in 

.extraterrestrial  power  plants.  'This'  permits  the  location  of  the 

.  1  •  ,  ' 
heat-exchange  apparatus  .away  from  the  energy  converter  (which  is 

advantageous  frorfi  the  installation  p  nt 'of  view);  of  course,  it 

i  i 

should  be  kept  i,n  mind  that  the  mass  of  the  heat-transfer  agent 

in  the  pipelines  can  appreciably  affect  the  specific  mass'  of  the 

*  «  1 

•entire  system.  .  1  i  1 


Selection  of  basic  parameters  for  the 
circulating  part  of  turbines 


!  A  turbine  must  have  high  efficiency,  be  reliable  in  operation, 
compact,  and  light-weight.  These  requirements  govern  the  selection 

‘  t  i 

of  working  medium  parameters  and  the  basic  dimensions  of  a  turbine. 
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For  extraterrestrial  power  plants  we  usually  use  axial  (single- 
and  multi-stage)  turbines  since  they  do  not  limit  power,  have  high 
efficiency,  and  insignificant  weight. 

The  main  dimensions  of  a  turbine  include  the  diameter  of  the 
rotor  wheel  along  the  average  cross  section  of  the  blades  (d  )  and 
the  length  of  the  blade  (l) . 

The  diameter  of  the  rotor  wheel 


60£/c), 

^cp  nn  ' 

r  an 

(3.1) 

where  n  is  the  number  of  revolutions  per  minute  (selected  by  gas- 
dynamics  analysis  of  the  turbine  based  on  the  magnitude  of  stresses 
in  the  root  section  of  the  blades); 

u  is  the  circular  velocity  on  the  average  diameter  of  the 

cp 

turbine. 

. 

Although  for  gas  turbines  the  value  of  ucp  reaches  350  and 
even  ^50  m/s  (when  <^„p/i  =  5-6)  and  is  limited  only  by  the  condition 
of  rotor  part  strength  (blades,  disks),  for  steam  turbines  the 
circular  -velocity  should  be  limited  to  a  value  of  no  more  than 
275  m/s  (when  d  fl  <  5)  because  of  the  erosion  of  blades  and  other 

cp 

rotor  parts  due  to  vapor  condensation  during  expansion  in  the 
turbine  and  the  impact  of  the  rapidly  moving  parts  with  the  condensate. 

The  length  of  the  blades  (in  m)  is  determined  from  the  mass- 
per-second  flow  rate  G  of  the  working  medium: 


a 

r.<i  cpCaQ 


t 


(3.2) 


where  p  is  the  density  of  the  working  medium  at  the  nozzle  output 
•5 

in  kg/m J ; 
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is  the  axial  velocity  of  the  working  medium  in  m/s.  We 
can  assume  C  =  11)0-170  m/s. 

3. 

The  working  part  of  the  blades  is  designed  according  to  the 
velocity  triangles  known  from  gas -dynamics  analysis. 

With  short  blades  ( l  =  10-20  mm)  it  is  expedient  to  use  active 
turbines.  The  longer  blades  are  a  better  design  according  to  the 
principle  of  reactive  turbines  since  higher  efficiency  can  thus  be 
obtained . 

The  chord  of  the  blade  b  and  the  pitch  t  are  matched  with  the 
length  of  the  blade.  As  blade  length  increases  1/ b  the  axial 
dimensions  of  the  turbine  stage  decrease;  however,  the  stresses 
from  bending  and  vibrations  also  increase.  First-stage  blades 
operating  under  more  difficult  conditions  are  usually  shorter 
(Z/b  =  1.5-2. 5)  than  last-stage  blades. 

By  cascade  solidity  we  mean  the  ratio  b/t.  To  reduce  weight 
an  attempt  is  made  to  increase  the  cascade  solidity  by  decreasing 
the  pitch.  Minimum  blade  pitch  is  usually  determined  by  the  spacing 
of  the  blade  shafts  on  thte  crown  k>f  the  disk.  The  maximum  value  of 
b/t  in  the  root  lies  within  2-2.2. 

The  chord  most  frequently  is  constant  along  the  length  of  the 
blade. 

An  increase  in  the  chord  b  toward  the  periphery  increases  the 
efficiency  of  the  turbines;  however,  the  vibrational  reliability  of 
the  blade  foil  is  reduced.  Decreasing  the  thickness  of  the  profile 
sections  of  a  blade  improves  the  gas-dynamic  qualities  and  reduces 
the  weight  of  the  rotor  wheel;  however,  stresses  in  the  blades  grow. 

Usually  blades  ai*e  made  with  a  variable  cross-sectional  area; 
for  long  and  highly  loaded  blades  the  ratio  of  the  area  P(rQ)  of 
the  root  to  the  area  F(R)  of  the  end  is  F(i’q)/F(R)  =  *)-6,  and  for 
short  and  less  loaded  blades  F(i’q)/F(R)  =  2-3. 


The  areas  of  the  intermediate  sections  change  exponentially 
(see  below,  "Stress  Analysis  of  Working  Blades"). 

Structural  diagrams  and  designs  for  bracing 
the  working  blades  to  the  rotor 

The  bracing  node  holding  the  working  blades  to  the  rotor 
experiences  considerable  loads  mainly  from  the  centrifugal  forces 
of  the  blades. 


The  requirements  imposed  on  the  bracing  nodes  include  the 
following:  the  spacing  of  a  given  number  of  blades  with  sufficient 
bracing  strength,  blade  installation  accuracy,  identity  of  blade 
seal  (ensuring  a  small  spread  of  free  oscillation  frequencies), 
the  least  weakening  of  the  disk’s  crown  by  the  bracing,  the  least 
loading  of  the  disks  from  the  bracing,  and  ease  of  installation. 


Pig.  3.1.  Various  methods  of  bracing  working  blades  to 
turbine  disks:  a  -  with  a  "tree"  lock;  b  -  with  a 
cylindrical  lock;  c  -  with  a  "fork"  lock;  d  -  welded. 
KEY:  (1)  Seam. 
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Figure  3.1  shows  working  blades  of  turbines  and  various  methods 
of  attaching  them  to  the  disks. 

Of  the  dismountable  bracings  the  most  widely  used  is  the  one 
with  the  "tree"  lock  (Fig.  3.1a).  This  is  a  union  in  which  the 
material  of  both  the  lock  part  of  the  blade  and  the  disk  is  used 
well;  the  small  dimensions  of  the  lock  along  the  circumference  of 
the  disk  enable  the  placement  of  a  large  number  of  blades  on  the 
crown.  Thanks  to  the  free  fit  of  the  blade  shaft  in  the  groove  of 
the  disk,  the  possibility  of  additional  thermal  stresses  occuring 
in  the  disk  is  reduced  (due  to  the  freedom  of  thermal  strains). 
Centrifugal  force  presses  the  blade  shaft  to  the  projection  of  the 
disks  all  along  the  supporting  surfaces;  thus  the  blade  is  self¬ 
aligning  and  a  high  degree  of  uniformity  in  load  distribution  is 
ensured.  These  advantages  of  a  "tree"  lock  are  achieved  by  a  high 
degree  of  purity  and  precision  in  its  manufacture  (the  disk  grooves 
are  processed  by  drawing;  the  blade  locks  are  obtained  by  accurate 
milling  or  stretching  with  subsequent  polishing).  The  free  fit  of 
the  blades  facilitates  their  installation. 

Other  types  of  dismountable  bracings  include  cylindrical 
(Fig.  3.1b)  and  forced  locks  (Fig.  3.1c).  ^towever,  these  bracings 
are*not  widely  used. 


Fig.  3.3.  Metal-ceramic  inserts 
in  turbine  housing  to  reduce  the 
radial  gap  between  housing  and 
blade  ends  (on  working  revolutions). 


Fig.  3.2.  Moving  blades  of  a 
turbine  with  bandage  webs. 


In  a  number  of  cases  a  nondismountable  rigid  bracing  of  the 
blades  to  the  disk  is  accomplished  by  welding  (Pig.  3*ld).  Such 
bracing  has  high  strength  characteristics.  However,  we  must 
correctly  select  blade  and  disk  materials  from  the  welding  point  of 
view  and  also  check  the  quality  of  the  weld  and  the  accuracy  of  the 
blade  installation  before  welding. 

Blades  can  be  attached  to  the  disk  by  soldering  with  high- 
temperature  solder.  With  small  turbine  dimensions  blades  can  be 
cast  together  with  the  disks  according  to  the  models  to  be  smelted. 
To  reduce  gas  overflows  through  the  radial  gap  and  increase  turbine 
efficiency,  blades  with  bandage  webs  are  used  (Pig.  3.2).  Bandage 
webs  increase  the  rigidity  of  the  blade  and  improve  its  vibrational 
character.  However,  they  increase  the  stresses  in  the  blade  foil 
from  centrifugal  forces.  Sometimes  with  long  blades  bandaging 
can  be  replaced  by  metal-ceramic  inserts  on  the  turbine  housing 
(Fig-  3.3),  which,  on  working  revolutions,  enable  the  radial  gap 
between  the  turbine  housing  and  the  blade  ends  to  be  reduced  to  a 
minimum. . 

Turbine  disks  and  connection  with  the  shaft 

) 

Turbine  rotors  operate  at  high  circular  velocities  and  working 
temperatures.  For  these  operating  conditions,  disk-type  rotors 
with  one  crown  are  usually  used  (two-crown  disks  are  used  sometimes 
in  quiet  turbines  or  in  turbines  with  very  short  blades  to  reduce 
weight) . 

In  multistage  turbines  drum-disk  rotors  are  used  sinc’e  lateral 
stiffness  in  such  turbines  is  high. 

For  reasons  of  strength,  an  attempt  is  made  to  make  disks  with¬ 
out  central  openings  (see  "Stress  Analysis  of  Disks").  'When  central 
openings  cannot  be  avoided,  disks  are  strengthened  by  thickening 
them  near  the  openings. 
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Fig.  3J1.  Union  of  disk 
with  shaft:  a  -  with  a 
centering  band  and  radial 
pins;  b  -  by  welding. 

KEY:  (1)  Force  fit. 


Joints  between  disks  (in  multistage  turbines)  and  between  a 
disk  and  the  shaft  are  critical  points  in  turbine  design.  These 
nodes  must  have  high  mechanical  strength  in  order  to  transmit  torque 
and  axial  forces  and  ensure  the  reliable  installation  of  adjacent 
parts  under  all  operating  conditions  as  well  as  sufficient  flexural 
stiffness  for  the  rotor. 

Connections  of  disks  to  each  other  or  to  the  shaft  can  be 
dismountable .  However,  for  simplicity  and  reliability  these  joints 
are  better  made  nondismountable ,  for  example,  pressing  the  disk 
to  a  central  collar  on' the  shaft  (Fig.  3.^a)  or  another  di}sk  and 
installing  radial  pins  on  the  force  fit. 

The  simplest  is  the  connection  of  a  disk  to  the  shaft  by  welding 
(Fig.  3*^)  or  by  forging  the  disk  and  the  shaft  as  one  piece  (with 
small  rotor  dimensions). 

Nozzles  consist  of  nozzle  blades  forming  a  circular  cascade 
and  bands  forming  the  outer  and  inner  walls  of  a  ring-shaped  system 
for  the  working  medium. 

The  dimensions  and  shape  of  nozzle  blades  are  determined  on  the 
basis  of  gas-dynamic  analysis. 
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Nozzles  must  have  sufficient  stiffness  during  turbine  operation 
in  order  that  the  output  angle  of  the  working  medium  flow  does  not 
change  (the  efficiency  of  the  turbine,  its  power  and  flow  rat.e 

i 

through  the  nozzle  depend  on  this);  the  attachment  must  provide 
freedom  of  thermal  strains  to  avoid  the  appearance  of  thermal  stresses 
and  warping.  Therefore,  nozzles  are  not  included  in  the  turbine  ' 
housing  diagram  as  load-bearing  elements  connecting  the  internal  and 
external  housing  of  the  turbine.  , 

I 

The  attachment  of  the  nozzle  blades  can  be  double-seat  or 
cantilever.  1  ,  .  i 

i 

With  double-seat  attachment  blades  can  be  rigidly  attached  in  ' 
both  binding  bands  (in  this  case,  cuts  are  made  in  the  band  every 
4-6  blades),  rigidly  fixed  in  one  band  while  in  the  other  t^ey  are 
free,  or,  finally,  freely  set  in  both  bands.  1  ■ 

i 

\  .  * 

Usually  nozzles  are  permanent  -  made  by  precision  casting  qf 
sections  with  2-4  blades  each  or  in  the  form  of  a 'common  casting, 
as  well  as  welded,  by  welding  the  blades  to  the  bands.  An  example  . 

of  a  welded  nozzle  is  shown  in  Pig.  3.5.  1  1 

*  ‘  ,  * 

The  housing  of  a  gas  turbine  absorbs  the  loads  from  the  rotor 
(through  bearings)  ar.d  nozzle  apparatuses  and  transfers  them  to 
the  adjacent  housings  and  the  thermal  power  plant  system.’  The  ' 
housing  should  have  high  flexural  rigidity,  which  does  not  allow  , 
the  contact  of  the  rotor  and  the  stator  during  strain.  The  structural 
form  of  turbine  casings  depends  upon  the  location  of  the  rotor 
support,  the  means  of  bracing  the  nozzle  apparatuses,  and  the  means  1 
of  housing  manufacture.  The  primary  structure  of  the  housing  must 
be  shielded  from  the  effect  of  the  aggressive  vapors  of  the  working  1 
medium  by  means  of  installing  single  or  double  shields  and  channels 
along  w.iich  the  coolant  should  be  pumped.  This  also  pertains  to 
the  load-bearing  elements  which  transmit  the  forces  from  the  bearings 
to  the  external  housing.  The  coupling  points  of  adjacent  elements 
of  the  housing  should  have  centering  collars.  In  order  to  avoid 
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warping,  the  material  of  the  housing  being  joined  is  selected  with  the 
necessary ^ coefficients  of  linear  expansion  and  cooling  is  provided. 
For  the  purpose  of  pressurization,  joints  are  usually  welded. 


Fig>  3-5.  Welded  nozzlp 
apparatus  with  the  'welding  of 
blades  to  an  internal  binding 
band:  .1  -  external  band;  2  - 
ihternal  band;  3  -  elastic  rim; 

-  external  housing;  :5  -  bearing 
housing,;  6  -  elastic  diaphragm. 


Rotor  njounts 

i 


Up  to  500  kW  the  rotor  of  a  turbogenerator  is, usually  made  to 

I  : 

be  permanent;  i.e.,  the  .rotors  of  the  generator  and  turbine  are 
rigidly  connected  to  each  other.  In  this1 case,  the  rotor  is  double¬ 
seat.  At  high  powers  it  is  necessary  to  place  the, turbine  and 
generator  on  independent  supports  and  transfer  the  moment  from  the 
turbine  to 'the  generator  with,  the  aid  of  a  clutch. 

i 

The  reliability  and  s.ervice  life  of  turbomachines  depend  to 

i  i 

.a  considerable  degree  upon  the  bearings i 
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Under  conditions  of  interstellar  flight,  gravitational  forces 
are  absent  (this  is  the  common  state  of  an  extraterrestrial  flight 
vehicle).  A  steady  load  does  not  fall  on  the  bearings.  Instead 
of  this,  the  bearings  absorb  forces  which  are  variable  in  magnitude 
and  direction  and  appear  as  a  result  of  the  misbalance  of  the  rotor 
(which  always  takes  place  despite  the  careful  manufacture  of  the 
parts),  variable  forces  which  appear  with  a  variation  in  the  para¬ 
meters  of  the  steam  in  the  circulatory  part  of  the  turbine,  and, 
finally,  magnetic  forces  due  to  the  eccentricity  of  the  rotor 
relative  to  the  stator.  Time-variable  loads  on  bearings  can  cause 
fatigue. 


Gravitational  forces  can  bo  created  by  revolving  a  spacecraft 
j  around  certain  axes  to  get  a  constant  centrifugal  force.  If  this 

j  force  is  sufficiently  great  as  compared  with  the  forces  of  disbalance 

and  other  variable  forces,  the  service  conditions  of  the  bearings 
j  are  almost  the  common  conditions  when  bearings  absorb  static  load. 

;  Especially  large  loads  appear  on  the  bearings  at  the  insertion 

l  of  a  spacecraft  into  orbit  when  the  accelerations  exceed  terrestrial 

!  by  several  times.  In  this  case,  large  vibrational  accelerations 

i  can  also  ariqe.  If  thp  converter  system  does  not  work  during  the 

insertion  into  orbit,  the  problem  of  bearings  is  reduced  to  the 
solution  of  common  questions  connected  with  strain  and  fatigue. 

At  elevated  temperatures  in  a  medium  of  a  liquid-metal  heat- 
transfer  agent,  common  antifriction  bearings  cannot  be  used.  Even 
if  these  bearings  are  precision  bearings  and  manufactured  from 
special  heat-resistant  alloys,  their  lifetime  is  short. 


I 


Bearings  of  dry  and  semiliquid  friction  with  graphite  inserts 
(Pig.  3.6a)  also  cannot  be  used  due  to  their  rapid  wear.  Sleeve 
bearings  from  titanium  carbides  and  tungsten  (Fig.  3.6b)  have  a 
somewhat  longer  lifetime  but  are  very  brittle  and  during  operation, 
due  to  the  friction  of  the  working  surfaces,  they  wear  and  change 
their  geometric  dimensions.  In  order  that  the  bearings  be  not 
superheated,  it  is  necessary  to  cool  them;  this  is  possible 
by  using  the  good  cooling  properties  of  liquid  metal. 
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Pig.  3.6.  Dry-friction  bearings:  a  -  with  graphite 
inserts;  b  -  with  inserts  made  of  tungsten  and  titanium 
carbides . 

Slider-type  bearings,  in  which  the  friction  surfaces  are 
separated  by  a  layer  of  liquid,  are  more  promising  for  use  in  the 
turbogenerator  of  extraterrestrial  power  plants.  Two  types  of 
these  bearings,  differing  in  the  means  of  obtaining  bearing  power 
in  the  liquid  layer,  are  used  today.  The  best  known  is  the  hydro- 
dynamic  bearing,  whose  carrying  capacity  in  the  carrying  layer  of 
liquid  is  created  during  the  rotation  of  the  central  shaft  which 
traps  (because  of  viscosity)  the  lubricating  liquid  and  drives  it 
into  the  wedge-shaped  clearance  between  the  center  shaft  and  the 
bearing  insert  (the  housing). 

t  $ 

During  the  rotation  of  the  shaft,  under  the  effect  of  the 
difference  in  the  hydrodynamic  pressures  of  the  lubricating  liquid 
in  the  clearance,  the  shaft  comes  up  and  the  center  line  of  the 
shaft  neck  turns  angle  <p  in  the  direction  of  rotation  (Pig.  3.7); 
purely  fluid  friction  is  thus  ensured.  Figure  3.7  shows  the  typical 
distribution  of  surplus  hydrodynamic  fluid  pressure  in  the  bearing 
clearance.  The  resultant  forces  of  the  pressure  during  purely  fluid 
friction  are  equal  in  magnitude  but  reverse  in  direction  to  the 
carrying  capacity  P  of  the  bearing. 

It  should  be  noted  that  the  necessary  load-lifting  capacity 
of  such  a  bearing  is  obtained  with  fully  defined  rotational  velocity 
of  the  shaft  (which  should  be  lower  th^u  operating),  a  determined 
clearance,  and  a  determined  viscosity  of  the  lubricating  liquid. 


With  a  low  shaft  rotation  rate  the  bearing  touches  and  dry 
friction  appears.  In  order  to  eliminate  misalignments  and  non¬ 
coaxiality  (which  also  leads  to  metal-to-metal  contact  and  dry 
friction),  it  is  advantageous  to  use  self-adjusting  bearings. 

The  working  medium  is  used  as  the  lubricating  liquid  in  the 
bearings  of  ERE  turbogenerators,  i.e.,  the  same  liquid-metal  heat 
carriers  as  used  in  the  main  system.  A  number  of  difficulties  arise 
with  the  use  of  common  oils,  in- the  first  place,  in  creating  gaskets 
capable  of  preventing,  over  a  long  period  of  time,  the  break-through 
of  working  medium  vapors  into  the  cavity  of  the  bearings  or  the 
flow  of  the  lubricant  into  the  cavity  with  the  working  medium,  as 
well  as  lubricant  leakage. 

As  we  know,  the  viscosity  of  liquid  metal  is  very  low  (absolute 
viscosity  of  liquid-metal  heat  carriers  is  approximately  10-100  times 
less  than  common  lubricating  oils).  Therefore,  the  working 
clearances  in  the  fluid- friction  bearing  should  be  approximately 
10%  of  the  clearance  in  common  oil  bearings.  In  order  to  prevent 
the  metal-to-metal  contact  which  is  destructive  to  the  bearing, 
erosion,  and  the  phenomenon  of  fatigue,  we  must  strictly  maintain 
this  clearance  during  the  operation  of  the  turbogenerator. 

Figure  3.8  shows  the  construction  of  a  hydrodynamic  bearing 
which  handles  liquid-metal  lubrication.  The  bearing  is  a  bushing 
with  a  ring  groove  installed  in  a  spherical  seat.  To  prevent  the 
turning  of  the  bushing,  a  pin  has  been  installed.  A  bushing  without 
a  pin  (the  floating  type)  is  also  possible.  The  clearances  between 
shaft  and  bearing  and  also  between  spherical  ring  and  housing  are 
set  by  selection. 

The  bearing  and  ehe  housing  are  made  from  an  alloy  of  molybdenum 
with  tungsten  and  titanium. 

Pressed  to  the  shaft  is  a  bushing  of  tungsten  carbide.  The 
lubricant  feeds  through  the  opening  in  the  housing,  falls  into  the 
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ring  groove,  and  through  the  inclined  opening  in  the  bearing  toward 
the  circular  channel  on  the  inner  side  of  the  bearing. 


Pig.  3-7.  The  typical  pressure 
distribution  in  the  lubricant 
film  of  a  hydrodynamic  bearing 
during  shaft  rotation. 

KEY:  (1)  Surplus  pressure  in 
the  lubricant  film, 


From  the  channel  the  lubricant  enters  the  working  clearance  between 
the  center  shaft  and  the  bearing.  Such  a  bearing  can  work  at  a 
temperature  up  to  approximately  900°C.  With  a  reduction  in  temperature 
the  viscosity  of  the  working  liquid  and  the  bearing  capacity  increase. 

Less  known  yet  is  the  so-called  hydrostatic  bearing.  External 
load  in  such  a  bearing  at  any  speed  (even  at  n  =  0)  is  balanced 
basically  by  the  hydrostatic  pressure  in  the  carrying  layer  of  the 
liquid,  ensured  by  the  external  (relative  to  the  bearing)  source  of 
pressure  -  a  pump. 

In  hydrostatic  bearings  any  liquids,  including  liquid  metal, 
can  be  used.  < 

The  external  load  in  the  normal  operation  of  a  hydrostatic 
bearing  is  absorbed  by  a  continuous  layer  of  liquid,  which  eliminates 
the  possibility  of  dry  contact. 


I 

The  ability  of  hydrostatic  bearings  to  absorb  loads  of  different 
magnitudes  is  favorably  combined  with  an  extremely  low  coefficient 
of  friction,  on  the  order  of  4 •  lu“6-7 •  10“6[ i»7] . 


Pig.  3.8.  Hydrodynamic  bearing.  !  , 

KEY:  (1)  Operator;  (2)  Channel  of  lubricant  supply  to 

bearing;  (3)  Lubricant  supply;  fl\)  Pin  (from  turning); 

(5)  Bearing  housing;  (bO  Ring  groc/e.  !  1  1 

!  » 

To  explain  the  principle  of  the  operation  of  a  hydrostatic 

bearing,  let  us  examine  Pig.  3.9..  The  center  shaft  is  rotated  in 

a  fixed  bushing  which  has  on  the  side  turned  tqward  the  center  sh/aft 

several  insulated  chambers.  The  working  liquid  under  initial  pressure 

! 

P|_l  is  fed  into  the  chambers  from  .outside  through  proportioning 
openings  (discharging  Jets).  When  eccentricity  e  =  0, 'clearances 
at  the  output  of  all  chambers  are  equal,  the  fluid  .pressure  in  . 
all  chambers  is  equal,  and  the  Rearing  capacity’ is  equal  to  zero. 

With  a  displacement  of  the  shaft  a  certain  distance  ifrom  the 
axis,  pressure  in  the  chamber  changes.  In  tlie  chambers  toward 
which  thp  center  shaft  approaches,  hydrodynamic  drag  during  the 
outflow  of  liquid  from  them  increases,  as  well  as  pressure.  In  the 
opposite  chamber  the  pressure,  on  the  contrary,  decrease^  as  a 
result  of  the  reduction  in  hydrodynamic  resistance  at  the  output 
from  the  chambers.  .  : 


! 
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i  Al’ong  with  the  variation  in  hydrodynamic  resistance  during  the 

outflow  of  liquid  frori  the jchambers ,  the  flow  rate  through?  the 
^  chambers  and  the  discharging  jet  at  the  input  ito  every  chamber  also 
.changes..  Thus,  in  the  chambers  where  the  clearance  at  output  ip 
decreased,  the  'flow  rate  is  also  decreased  and,  together  with  this, 

i 

■  Resistance  is  Reduced  during  the  flow  of  lubricant  through  the 
discharging  jet,  and  vice  versa.  ,A11  this  gives  rise  to  a  pressure 

i  i  '  • 

increment  in  some  chambe-.  s,  and  to  a  reduction  in,others,  which 
creates'  the  'carrying  capacity  which  balance^  the  external  load. 
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Pig*  3-9)  i  Strudturali  diagram  of  hydrostatic  radial  bearings:  a  -  . 

with  capillary  compensation  C^H)/(d.  )  >  10];  b  -  with  diaphragm 

compensation  ![(0/(d„)  <  33;  c  -  with  slot  compensation  (with 
A  A  i 

reverse  slot  choking). 

KEY:  (1)  Communicating  chambers;  (2)  Separated  chambers;  (3)  Bearing 
axis;  (Jl)  'Shaft,  axis.  i  !  '  .  * 


.  Figure  3*9’  shows  several  structural  diagrams  of  radia,l  hydro¬ 
static  bearings:  with  capillary  compensation  (a),  with  diaphragm 
compensation  i(b),  and  with.slot  controllable  compensation  (c).  The, 

*  j 

operation  of  bearings  with  capillary  and  diaphragm  compensation  is 
understandable  from1  the  foregoing; 

'  .  ' 

! 

•Let  us  examine  the  work  of  bearings  with  slot  controllable  ‘ 

i  * 

compensation  (c).  Th'e  working  liquid  in  such  a  bearing  first  enters, 
the  chambers  A,  from  v/hich  along  the  radial  drillings  and  the  helical 


3g£S5ggK£g 


f lutings  on  the  outside  diameter  of  the  housing,  it  falls  into  the 
diametrically  opposite  working  chambers  6.  Circular  channel  B 
serves  for  the  additional  feeding  of  chambers  A.  The  circular  channel 
f  is  provided  with  a  drainage  cavity. 

With  the  displacement  of  the  shaft  downward  the  upper  clearance 
between  the  shaft  and  the  bearing  housing  will  increase  and  the 
lower  will  decrease.  In  this  case  the  filling  of  the  upper  chambers 
A  with  liquid  is  facilitated  and,  correspondingly,  the  resistance 
at  input  to  the  lower  chambers  A  increases.  Simultaneously,  the 
resistance  at  output  from  the  upper  working  chambers  B  decreases 
and  at  the  output  from  the  lower  working  chambers  B  increases . 

All  this  leads  to  the  appearance  of  a  greater  pressure  differential 
in  the  working  chambers  B  and  to  the  creation  of  lift. 

The  described  diagram  of  a  hydrostatic  bearing  with  reverse 
choking  is  more  effective  than  a  bearing  with  capillary  or  diaphragm 
compensation. 

It  is  necessary  to  note  that  with  the  misalignment  of  a  bearing 
its  load-lifting  capacity  will  fall  because.  In  this  case,  the 
relationship  between  the  throttling  of  the  liquid  at  input  and  output 
is  disturbed. 

The  operating  principle  of  a  thrust  step  bearing  (Pig.  3-10) 
is  analogous.  In  the  case  of  misalignment  of  the  bearing,  clearance 
in  the  zone  of  chamber  1  is  decreased  and,  accordingly,  clearance 
in  the  zone  of  chamber  3  is  increased.  Hydrodynamic  drag  at  input 
and  output  changes;  pressure  p-^  increases  and  pressure  p^  decreases. 
The  appearing  moment  of  force  will  align  the  position  of  the  rotor. 

If  the  face  of  the  bearing  under  the  effect  of  axial  force  moves 
strictly  along  the  axis,  then,  in  this  case  pressure  will  Increase 
simultaneously  in  all  chambers  and  balancing  force  will  arise  in 
the  step  bearing. 

The  operation  of  oil- film  bearings  is  connected  with  the 
circulation  of  a  certain  quantity  of  working  liquid  (the  lubricant). 
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Friction  and  wear  in  such  a  bearing  are  very  low.  However,  the 
expenditure  of  power  on  the  circulation  of  the  lubricant  is  rather 
high  (special  pumps  are  necessary).  The  supply  of  liquid  to  the 
bearing  should  begin  before  the  start  of  rotor  rotation. 


The  use  of  a  liquid-metal  lubricant  can  damage  the  bearing 
and  shaft  material.  Erosion  can  be  the  result  of  the  incompatibility 
of  structural  materials  with  the  liquid-metal  lubricant  or  can  be 
caused  by  the  washing  of  the  surface  of  parts  by  the  flow  of  high- 
density  lubricating  material.,  for  example,  mercury.  This  is  connected 
with  the  low  viscosity  of  liquid-metal  lubricant,  as  a  consequence 
of  which  the  flow  can  be  turbulent  despite  a  small  clearance. 

Turbulent  flow  gives  rise  to  the  onset  of  a  high  dynamic  pressure 
for  the  lubricant  on  the  surface  of  the  part  and  to  the  washing  out 
of  material  with  the  fluid  flow. 


Fig.  3.10.  Diagram  of  a 
hydrostatic  thrust  bearing. 


A -A 


To  reduce  the  effect  of  turbulence,  it  is  necessary  to  increase 
the  purity  of  the  working  parts  of  the  bearing  (by  polishing).  To 
reduce  wear,  obviously,  special  coatings  are  useful. 

Fluid- friction  bearings,  in  addition  to  their  load-lifting 
capacity  and  the  expenditure  of  a  working  liquid  are  characterized 
by  stiffness,  vibrational  stability,  and  sensitivity  to  the  direction 
of  the  external  load.  By  the  stiffness  of  the  bearing  we  mean  the 
ratio  of  the  variation  in  magnitude  of  external  load  to  the  variation 
in  eccentricity.  Investigations  have  shown  that  stiffness  of  a 
hydrostatic  bearing  is  h-gher  than  that  of  a  hydrodynamic  bearing. 
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Vibrational  stability  is  determined  by  the  speed  of  the  rotor 
at  which,  as  a  result  of  vibrations,  the  completeness  of  the  fluid 
film  in  the  bearing  is  disturbed  and  a  contact  between  shaft  and 
bearing  occurs.  The  higher  stiffness  of  hydrostatic  bearings 
potentially  determines  their  higher  resistance  to  vibration. 

With  greater  revolutions  of  a  rotor  installed  on  hydrostatic 
bearings  (10,000-30,000  rpm) ,  we  should  consider  the  influence  of 
dynamic  effect  (the  load-lifting  capacity  of  such  a  bearing  is 
somewhat  higher  with  rotation  taken  into  account  than  it  is  without 
accounting  for  rotation)  and  more  strictly  define  the  zone  of 
rotor  equilibrium,  taking  into  account  vibrational  stability. 

The  sensitivity  of  hydrostatic  bearings  to  the  direction  of 
the  external  load,  as  was  found,  is  substantially  less  than  that 
of  hydrodynamic  bearings,  in  which  it  depends  upon  both  the  point 
of  supply  of  the  lubricating  liquid  and  the  relative  motion  of  the 
rubbing  surfaces  which  form  the  liquid  wedge. 

The  effect  of  the  supersaturation  of  vapor 
and  its  condensation  on  turbine  operations 

Along  with  the  difficulties  involved  in  solving  purely  structural 
questions  in  the  planning  of  turbines  for  extraterrestrial  power 
plants,  there  is  also  the  difficulty  of  solving  such  questions  as 
the  supersaturation  of  vapor  expanding  on  the  turbine  blades  and 
its  condensation  inside  the  turbine. 

The  essence  of  supersaturation  is  the  fact  that  with  the  rapid 
expansion  the  working  medium  does  not  manage  to  be  condensed  and 
can  be  presented  in  the  form  of  vapor  although,  according  to  the 
condition  of  thermodynamic  equilibrium,  partial  condensation  should 
occur.  This  reduces  the  efficiency  of  the  turbine. 

The  radial  extent  of  the  turbine  blades  for  the  oversaturated 
state  of  vapor  should  be  less  than  for  equilibrium.  Therefore, 
a  turbine  cascade  designed  with  partial  condensation  taken  into 
account  passes  more  of  the  working  medium. 


The  transition  from  the  oversaturated  state  of  the  working 
medium  to  equilibrium  is  accompanied  by  a  reduction  in  the  efficiency 
of  the  turbine.  Since  the  size  of  the  heat  exchangers  which  ensure 
heat  transfer  into  the  system  increases  in  inverse  proportion  to 
the  efficiency  of  the  turbine,  the  consideration  of  the  supersaturation 
processes  makes  it  possible  to  create  lighter  structures  as  a  whole. 

The  extraneous  particles  in  the  working  medium  are  the  conden¬ 
sation  nuclei.  Therefore,  working  media  used  in  such  a  device  must 
have  a  minimum  of  such  particles.  Condensation  is  the  consequence 
of  the  equilibrium  expansion  of  any  saturated  vapor.  It  gives  rise 
to  a  reduction  in  turbine  efficiency  and  causes  the  erosion  of 
blades  and  other  structural  elements.  Erosion  is  caused  by  the 
collision  of  the  slowly  moving  film  of  condensed  fluid  and  separate 
drops  of  it  with  the  rapidly  moving  parts  of  the  rotor.  Experience 
shows  that  in  order  for  erosion  to  occur,  the  quantity  of  liquid 
phase  of  the  working  medium  in  the  turbine  should  not  exceed  10—12%  and 
circular  velocity  of  the  blades  must  not  exceed  275  m/s  [51].  High 
speeds  are  permissible  only  in  turbines  with  the  additional  heating 
of  vapor  between  the  stages  of  the  turbine.  In  this  case,  the 
vapor  remains  dry.  However,  Intermediate  heating  necessitates  an 
increase  in  dimensions  and  weight  of  the  steam  generator  and  radiator. 
The  use  of  even  one  or  two  stages  of  vapor  reheating  complicates 
construction  and  increases  turbine  weight.  Therefore,  the  superheating 
of  steam  can  be  recommended  only  as  an  extreme  measure. 

Some  features  of  electric  generators 

Electric  generators  for  extraterrestrial  power  units,  as  a  rule, 
are  mounted  on  one  shaft  with  the  turbine  (i.e.,  without  reducing 
gear)  and  have  high  speed  -  20,000  r/min  and  above  (speed  is  limited 
by  the  maximum  possible  speed  from  the  point  of  view  of  strength 
and  by  the  circular  velocity  on  the  ends  of  the  working  blades). 

Approximately  5  to  20%  of  the  power  supply  to  the  generator 
goes  into  the  heating  of  the  parts  of  the  generator  (the  winding 
of  the  rotor  and  the  stator,  etc.).  To  remove  heat  from  the  generator 


a  special  system  is  necessary,  whereupon  the  heat  carrier  is  passed 
through  the  channels  directly  in  the  generator's  stator.  In  this 
case,  the  windings  should  be  well  insulated  from  the  heat  carrier. 

The  winding  material  (copper,  silver)  can  be  heated  to  a 
temperature  of  ~700°C  and  since  the  windings  of  the  rotor  are  located 
in  the  field  of  action  of  centrifugal  forces,  they  will  work  in 
the  area  of  plastic  deformations. 

As  an  example  of  a  system  with  a  turbodynamo  method  of  converting 
heat  energy  into  electrical  energy,  let  us  examine  the  diagram  in 
Pig.  3.11  [50].  The  working  parameters  of  a  cycle  are  given  on  this 
diagram.  A  nuclear  reactor  serves  as  the  source  of  heat  energy. 

With  the  aid  of  a  liquid-metal  heat  carrier  (potassium  and  sodium 
alloy)  of  the  first  system,  heat  from  the  reactor  is  transferred 
to  the  steam  generator. 

The  heat  carrier  of  the  second  system  in  the  steam  generator 
is  heated,  vaporized,  and  superheated  and,  in  this  state,  it  enters 
a  mercury  turbine  which  brings  into  rotation  the  electric  generator 
and  the  pumps  of  the  first  and  second  systems. 

The  mercury  which  has  passed  through  the  turbine  goes  through 
the  condenser  and  superccoler;  then  it  enters  the  mercury  pump  and 
further  -  for  cooling  the  generator  -  and  into  the  bearings. 

Figure  3.12  shows  a  section  of  a  combined  rotating  unit.  In 
the  unit  on  one  shaft  a  mercury  steam  turbine,  an  electric  generator, 
a  mercury  pump,  and  the  pump  for  the  heat  carrier  of  the  first  system 
(Na-K)  [50]  have  been  installed. 

The  turbine  of  the  unit  is  a  two-stage,  axial  turbine  and 
operates  on  a  Rakine  cycle;  power  generated  is  7  hp  at  40,000  r/min. 
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8.M5  kg/min:  0.5  daN/cm  ;  325°C 


The  generator  consists  of  a  rotor  with  a  six-pole  permanent 
magnet  and  a  stator  with  a  two-phase  winding.  To  prevent  the 
penetration  of  the  mercury,  the  stator  has  a  seal.  To  a:void  the 
condensation  of  mercury  in  the  cavity  of  the  rotor,  the  generator  * 
should  operate  at  a  temperature  of  370°6  or  above.  With  a  useful 
electrical  power  of  3  kW  efficiency  of  the  generator  is  80%. 

Voltage  deviated  from  nominal  by  no  more  than  ,5%  with  a  power 
factor  on  the  order  of  0. 8-1.0.  To  obtain  the  assigned  frequency 
(20,000  Hz)  with  minimum  weight  the  optimum  rotor  speed  of  40,006 
r/min  was  selected.  Output  frequency  is  maintained  with  ,a  control 
system,  with  an  accuracy  of  +  1J8 ,  with  useful  power  varying  from 
0  to  3  kv* . 
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Fig.  3.12.  The  longitudinal  plan  of  a  turbogenerator 
with  pumps  of  the  first  and  second  loops:  1  -  generator 
rotor;  2  ■»  generator  stator;  3  -  turbine  wheel;  4  -  Na-K  ■  » 
pump  rotor;  5  -  Na-K  diffuser;  6,7-  mercury  radia]  > 
bearings;  8  -  mercury  thrust  bearing;  9  -  mercury  centrjr 
fuga]  pump;  10  -  mercury  jet-edge  booster  pump. 

The  mercury  pump  has  a  centrifugal- type  impeller  with  a  diameter 
of  8.7  mm.  The  pump  develops  a  pressure  of  12.3  daN/cm2  with  a  : 
flow  rate  of  20.24  kg/min  and  a  total  efficiency  of  35& . 

2 

The  pressure  at  pump  input  is  extremely  low  -  0.42  daN/cm  . 

To  prevent  cavitation,  a  Jet-edge  booster  pump  has  'been  installed 
before  the  entry  to  the  centrifugal  pump. 


I 


The  Na-K  pump  consists  of  a  permanent  magnet  installed  on  the 
end  of  the 'shaft  of  the  unit  and  fixed  ring' channels  such  as  the 
channels  of  tjhe  centrifugal  pump.  The  magnet,  while  rotating, 
carries  the  flow  of  Na-K  after  i£  and  forces  it  'to  be  rotated-  in  the 

i  t 

r'ing  channels;  because  of  this,  the  pump  works  similarly  to  a 

i 

centrifugal  pump.  Despite  the  fact  that  pump  efficiency  is  a  total 
of  such  a  method  of  providing  circulation  in  th<_  loop  is 

implemented  \  th  minimum  construction  weight  and  the  minimum  resist¬ 
ance  along  the  entire  system^  At  a  rated  capacity  of  32.5  kg/min 
and  a  temperature  of  ~538°C  the  pressure  developed  by  the  pump  is 
0.133  daN/cm2.  i  •• 

i 

!  i 

i 

Fig.  3.13.  One  of, the  variants 
of  a  turbogenerator  rotor  (see  ‘ 

Fig.  3.12):  .1  -  rotor  ,of  Na-K 
pump;  2  -  generator  rotor;  3  -  .* 
mercury  radial  bearing;  *1  - 
mercury  pump;  5  -  mercury  thrust 
bearings;  6  -  mercury  steim 
turbine  (blades  are  covered  by  . 
a  band);  7  -  mercury  radial 
beaming . 


i  1 

The  rotor  of  a  combined  rotating  uni.  is  installed  on  two 
radial  bearings.  To  absorb. the  axial  forces  ,of  the  rotor  there  is 
a'bllater'al  thrust  bearing.  Both  the  radial  and  thrust  beamings 
operate  on  mercury  according  to  the  principle  of  hydrodynamic 
bearings.  The  bearing  capacity  of  the  radial  (Journal)  bearings 
is  22.7  daN  and  of  the  thrust  (axial)  bearing  is  9.1  daN.  The 
flow  rate  'of  the  mercury  on  the  bearings  is  7.25  kg/min  at  2l8°C. 

'  i  ' 

■>  ■  .  '  . 

Figure  3.13  shows  one  of  the,  variants  of  the  rotor  of  a 


made  over  a  frequency  range  from  5  to  3000  Hz  with  maximum  loading 
up  to  25  g,  simulating  the  conditions  of  orbit  injection. 

Figure  3.1^  shows  a  sketch  of  a  turbogenerator  layout. 

Stress  analysis  of  working  blades 

The  turbine  blades  are  the  most  stressed  and  critical  parts  of 
a  turbine  unit.  They  operate  at  high  temperatures  and  experience 
high  mechanical  loads  from  centrifugal  and  gas-dynamic  forces. 
Furthermore,  the  blades  experience  secondary  stresses  from  the 
transiency  of  operating  conditions  with  rapid  time  variation  in  the 
thermal  condition  ("thermal  shock")  and  also  from  the  mechanical 
vibi’ations  of  the  blade  foil  (especially  in  the  presence  of 
resonance ) . 

The  determination  of  tensile  stresses  in  the 
blade  foil  from  centrifugal  forces 

Under  the  effect  of  centrifugal  forces  in  the  blade  foil  there 
will  appear  torsional,  flexural,  and  tensile  stresses,  of  which 
the  basic  stress  is  tensile  stress. 


Flexural  stresses  from  centrifugal  forces  are  used  to  compensate 
the  flexural  stresses  from  the-  effect  of  gas-dynamic  forces  (see 
below).  Torsional  stresses  '<"e  usually  low  and  in  tentative  calcula¬ 
tions  can  be  disregarded. 

The  following  system  of  coordinate  axes  (Fig.  3.15)  has  been 
taken  in  the  stress  analysis  of  a  blade  foil. 

The  Ox  axis  agrees  with  the  rotor's  axis  of  rotation  and  is 
directed  in  the  direction  of  the  gas  flow;  the  Or  axis  (or  Oz)  is 
perpendicular  to  the  axis  of  rotation  (Ox)  and  passes  through  the 
center  of  gravity  of  the  root  section  of  the  blade;  the  Oy  axis  is 
perpendicular  to  the  Ox  and  Or  axes  and  is  directed  so  that  the 
smallest  angle  of  turn,  up  to  a  coincidence  with  the  Or  axis  is 
obtained,  with  a  turn  in  the  direction  of  the  angular  velocity  of 
the  rotor. 

Let  us  examine  a  method  of  determining  stresses  in  the  blade 
fox1,  from  centrifugal  forces  in  the  example  of  a  blade  with  a  band 
web  (Fig.  3*16). 

For  convenience  in  determining  stresses  op  in  an  arbitrary 
cross  section  (on  radius  r*)  of  a  blade,  let  us  divide  the  complete 
centrifugal  force  C  acting  on  this  cross  section  by  the  centrifugal 
force  of  the  blade  foil  strictly  Cp  and  the  centrifugal  force  of 
the  band  web  Cg.  Obviously, 


C  =  Cn  +  C,*i. 


(3.3) 


Let  us  find  these  forces,  for  which  we  take  an  element  of  a 
blade  with  radio'  r  and  thickness  dr.  Then  the  centrifugal  force 
created  by  this  blade  element  is 

</C„  =  i \(.>)2Frdr, 

•3 

where  p  is  the  density  of  the  blade  material  in  kg/mJ; 


2*17 


a)  1's  the  angular  velocity  of  disk  rotation  in  rad/s ; 

F  =  F(r)  is  the  cross-sectional  area  of  the  blade  on  the 
2 

current  radius  r  in  m  . 

The  complete  centrifugal  force  in  section  r*  from  the  mass  of 
the  foil  itself  is 


(3. 4) 


The  centrifugal  force  of  the  band  web  is 


C c 


:Q<WR6 


where  V  is  the  volume  of  the  band  web  in  m 


3 


(3-5) 


The  total  centrifugal  force  acting  in  section  r*  is 


e=.cn-f  c6«qw-’ 


(3.6) 


Dropping  the  superscript  with  r,  we  obtain  the  following  formula 
for  tensile  stresses 


R 


I 


(3.7) 


Formula  (3-7)  is  the  basic  design  formula  for  determining 
tensile  stresses  on  an  arbitrary  radius  of  a  blade  with  any  law  of 
variation  for  the  cross-sectional  area. 


The  character  of  the  variation  in  tensile  stresses  from 
centrifugal  forces  along  the  blade  radius  is  shown  in  Fig.  3.17. 


2*1 8 
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The  cross-sectional  area  of  a  bit.  r>  usually  varies  according 
to  exponential  lav?:  *  .  ' 


F(r)  —F (/?)  -i-  \F (rf.)  —  F{R)]  , 


( 3 : 8 ) 


The  value  of  the  exponent  n  =  0  corresponds  to  'a  biadei  of  cdnstarjt 
cross  section;  n  =  1  to  a  blade  with  a  linear  lav;  of  cross  section 


variation. 


For  turbine  blades  we  usually  assume  n  =  2-4;  when  n  >_  3 
(for  ordinary  values  F(R)/F(rQ)  =  -0.2-0.{l)  the  maximum,  stresses 
will  be  found  not  in  the  root  section  (curve  b).. 


If  F  =  const,  then 


-p  —  {>“•- 


/?2  —  r-  '  VR(, 

o  +  “ 


(3.7a) 


Maximum  stress  for  such  a  blade  will  obviously  be  in  the  root  section 


•'ll  max 


-4  v*/?6i  ■ 

r +  7"r 


(3.7b) 


Determining  flexural  stresses  in  a  blade  foil  1 
from  gas-dynamic  forces 


Flexural  stresses  from  gas-dynamic  forces  occupy ( the  second 
place  in  value  after  tensilo  stresses  from  centrifugal  forces. 


Let  us  first  determine  the  gas-dynamic  forces  feting  on  a  blade. 
For  this  we  shall  examine  the  operation  of  the  cascade  of  the  turbine 
rotor  wheel  (Fig.  3.18).  ‘  1 


I 


I 


1  Pig.  3.17.  1  Stresses  from  Pig.  3.18.  Determining  the  gas 

centrifugal  forces  in  a  blade  forces  acting  on  the  blade  foil.  • 
-.foil  of  variable  cross  section  ,  ,  < 

1  a  -  withput  the  band  web;  b  -  i  ■  ■ 

witfy  the  band  tweb .  ,  ; 

‘  '  ■  ! 

Prom  gas-dynamic  analysis  of  a  turbine,  the  following  gas  ,(steam) 

parameters  are  known:  1 

!  *  !  1  .  I 

,  the  projections  of  (gas  velocities  onto  an  axis  coinciding  with 
,  the  axis  of  shaft  rotation  apd  onto  an  axis  perpendicular  to  it,  , 

cia;  clu’  c2a’  c2u;  -  , 

i  •  !  circular 'velocities  on  a  given  rad*  s  u;,  gas  density  (steam) 

P-j_  and  p2;  gas  pressure  (steam)  p^  ard-^.  '  : 

.  ! 

>  I 

^he  subscript  "1"  indicate:  .  *  quantities  which  characterize 
‘the  state  of  the  gas  at  stage  input,  the 'subscript  "2"  at  stage  1 

i  1 

output . 

1  '  We  know  thajfc  the  sum  o!f  the  external  forces  acting  on  a  certain 

volume  of  gas  is  equal,  to  the  vector  difference  between  ,the  Momentum 
1  of  the  gas  flowing  in  and  the  mdmentum  of  the  gas  flowing  out  through 
.the  control  surface  limiting  this  volume,  (in  big.  3 1 8  indicated 
!  .  by  dashes) .  ,  !  *  ‘  .  ‘ 
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Assuming  that  the  particles  of  gas  flowing  around  the  blade 
move  along  cylindrical  surfaces,  we  shall  examine  the  cylindrical 
layer  on  radius  r  with  thickness  dr  (this  assumption  is  equivalent 
to  the  fact  that  the  ring-shaped  areas  at  input  and  output  of  the 
rotor  wheel  are  equal).  Let  us  separate  a  stream  of  gas  flowing 
around  one  blade  and  apply  to  the  interfaces  the  forces  of  inter¬ 
action. 

A  blade  element  acts  on  the  gas  with  force  dH.  The  force  of 
the  gas  pressure  on  the  element  is  dP  =  -dN.  The  components  of 
this  gas  force  are  equal,  respectively,  to  dP„  (in  the  plane  passing 

Cl 

through  the  axis  of  rotation)  and  dPu  (in  the  plane  of  rotation). 

Obviously,  dP&  =  -dNa;  dPu  =  “dNu* 

Forces  per  unit  length  of  the  blade  (intensities  of  distributed 
loads),  in  the  corresponding  plane  are  equal  to 


„  -iZi-  „  ~‘!Zs. 

h-  dr 


(3.9) 


Let  us  find  the  components  of  load  intensity.  The  mass  of 
the  gas  flowing  through  a  surface  element  in  a  unit  of  time 
(referred  to  one  blade)  is 


,  ,  2t r  dr  '  2-rr  dr 
(fin  CjCjo — 


(3.10) 


where  z  is  the  number  of  working  blades. 

After  examining  the  change  in  momentum  in  an  axial  direction, 
we  obtain  dm(c2a  -  cla)  =  (p2  -  p1)(2Tir  dr)/(z)  +  dNa,  hence 


<//>=-.  —  d  A’ 


• rdr in  2.7/-  dr  . 

■  —J—  [Pi-Px)-  ■—  q, r10 (cia - c]a) 
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and,  finally. 


Px  — 


dPa  2 nr  .  „  *  2  ir  ,  „  s 

-  (/?2  —  P\)  Gl^la  \p2a  c  la)* 


dr 


(3.11) 


The  positive  direction  of  p  corresponds  to  the  direction  of 

A 

the  intensity  along  the  flow  (along  the  direction  of  the  Ox  axis) 

We  now  find  tie  intensity  of  load  distribution  in  the  plane 
of  rotation.  The  change  in  momentum  in  the  plane  of  rotation  is 
dm(c2u  -  clu)  =  dNu,  hence 

dPu  =  —  dNu  =  -  ,fl  (c2u 


and  the  intensity  of  the  distributed  load  in  the  plane  of  rotation 
is 


p„ - —  C,  ru(c!u-cu).  (3. i2) 

The  positive  direction  of  p^ ,  which  can  be  determined  from  this 
formula,  corresponds  to  the  positive  direction  of  the  vectors  of 
velocities  c2u  and  ciu. 

We  should  note  that  for  axial  compressors  (pumps)  p  is 

V 

directed  against  rotation,  and  for  blades  of  axial  turbines,  it  is 
directed  with  the  rotation. 

If  we  know  the  intensities  of  distributed  load  p  and  p  ,  we 

**  it 

shall  now  find  the  bending  moments.  Let  us  look  for  them  in  a 
certain  fixed  section  r#  (see  Pig.  3.16):  M  relative  to  the  Ox 

A 

axis  in  the  rOy  plane  and  M  relative  to  the  Oy  axis  in  the  rOx 

V 

plane : 


dMx=pydr{r  —  r*)\  dMv=pxdr(r  —  r*). 


Integrating  these  expressions  along  the  length  of  the  blade  from  r* 
to  R,  we  obtain  bending  moments  in  the  section  r* : 


R 

Mxmax=['py(r-rQ)(ir; 

To 

R  . 

My  ,„a *  =  l  Px(r-r0) df- 

'•  (3.13a) 

Bending  stresses  are  determined  separately  relative  to  the 
principal  axes  of  inertia  B,  and  nl  for  individual  points  of  the 
cross  section  furthest  from  the  axes  (Pig.  3.19).  Such  points  in 
the  blade  cross  section  are:  A(£A;  nA);  B(£B;  and  nC^' 

We  shall  find  the  moments  from  the  gas  forces  relative  to  the 
principal  axes  of  inertia  (see  Pig.  3.19): 

Mi  =Mxcos  (5+AlySin  P;  Mr>  =M*sin  {5  —  Mj,cos  (3.  (.3.1'*) 


‘The  principal  axes  of  inertia  pass  through  the  center  of 
gravity  of  the  cross  section;  for  approximate  calculations  we  can 
assume  that  the  C  axis  is  parallel  to  the  chord  connecting  the  leading 
edge  of  the  profile  with  tfye  trailing  edge.  The  n  axis  is  perpendicu¬ 
lar  to  the  £  axis.  For  a  stricter  definition  of  the  position  of 
the  principal  axes  see  reference  [39]. 

The  £  axis  is  directed  from  the  leading  edge  of  the  profile 
of  the  section  toward  the  trailing  edge;  the  n  axis  is  directed 
from  the  back  to  the  face  of  the  cross-sectional  profile  of  the  blade 
(see  Pig.  3.19). 
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Flexural  stresses  at  any  point  of  the  cross  section  are 
determined  by  the  relation 


(3.15) 


v/here  and  I  are  the  principal  moments  of  inertia  for  the  cross 
section  of  the  blade,  m\ 


The  signs  of  the  bending  moments  in  this  equation  must  be 
considered  positive  if  they  cause  a  bend  deformation  convex  to 
the  side  of  the  positive  direction  of  the  corresponding  axis.  The 
signs  of  coordinates  £  and  n  correspond  to  the  direction  of  the 
axes. 


Fig.  3.19.  Determining  bending 
moments  relative  to  the  principal 
axes  of  inertia. 


In  writing  formula  (3.15)  we  assume  the  following  rule  of 
signs  for  bending  moments  and  stresses:  tensile  stress  is  assumed 
positive  and  compressive  stress  negative. 

Usually  in  turbine  machines  the  principal  moments  of  Inertia 
for  blade  cross  sections  are  connected  with  the  relationship 
1^  >  (10-15)1^,  while  the  values  of  bending  moments  are  of  the  same 
order.  Therefore,  bending  stresses,  for  example,  at  point  A,  can  be 
determined  approximately  from  formula 
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The  bend  of  blades  from  centrifugal  forces 


(3.15a) 


Under  the  effect  of  centrifugal  forces  blades  bend  when  the 
centers  of  gravity  of  separate  sections  along  the  length  of  the  blade 
do  not  coincide  with  the  Or  axis  which  passes  through  the  center  of 
gravity  of  the  root  section. 

Let  us  examine  the  bending  of  a  blade  under  the  effect  of  gas 
forces  Px  and  in  the  field  of  centrifugal  forces  (Pig.  3.20). 

Let  us  assume  that  the  axis  of  the  centers  of  gravity  of  the  unbent 
blade  coincides  with  the  Or  axis.  Under  the  effect  of  forces  P 

X 

and  P  the  blade  will  bend.  Acting  on  the  bent  blade  will  be 
the  centrifugal  force  creating  me.  >nts  MxC  and  My(,,  which  attempts 
to  turn  the  axis  of  the  blade  to  a  neutral  position. 

Thus,  the  action  of  the  centrifugal  forces  makes  the  total  bend 
of  the  blade  less  than  it  would  be  under  the  action  of  gas  forces 
only  (see  the  dashed  line  of  bend  on  Pig.  3.20).  The  bending  stresses 
of  the  blade  will  be  less.  These  are  used  for  unloading  blades  from 
extremely  large  bending  stresses  by  gas-dynamic  forces.  It  is 
possible  to  so  design  a  blade  that  in  the  framing  cr  near  it  low 
or  even  zero  bending  moment  will  appear. 

There  are  two  design  methods  for  reducing  bending  stresses  in 
blades  or,  as  they  say,  two  methods  of  "unloading"  the  blade. 


In  the  first  case,  a  blade  with  a  rectilinear  axis  passing 
through  the  cross-sectional  centers  of  gravity  is  installed  in 
framing  with  an  inclination  so  that  the  axis  is  to  the  side  of  the 
action  of  the  gas-dynamic  bending  forces  (re.lativ>  to  the  axis 
passing  through  the  center  of  gravity  of  the  root  section  of  the 
blade).  Such  a  method  is  technologically  convenient  and  frequently 
used  for  unloading  short  turbine  blades. 
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Another  means  of  unloading  consists  of  the  fact  that  the  line 
of  the  centers  of  gravity  for  the  blade  cross  section  is  a  specially 
selected  curve.  The  fit  of  the  blade  in  the  web  is  radial  in  this 
case,  without  inclination. 

The  shortcoming  of  these  methods  of  bending-moment  compensation 
is  their  one- node  nature.  Actually,  bending  moments  from  centrifugal 
forces  depend  upon  the  rotational  speed  of  the  rotor,  and  moments 
from  gas  forces  on  the  density  of  the  gas  and  other  parameters  of 
the  flow,  which  are  different  for  various  conditions  of  turbine 
operations. 

Usually  turbines  are  designed  so  that  the  bending  moment  from 
centrifugal  force  is  a  certain  fraction  of  gas-dynamic  moment,  i.e.. 


Mxc=— yAf*;  MvC~—  \MV, 


where  y  is  the  coefficient  of  compensation. 


(3.16) 


The  value  of  y  is  selected  with  the  operation  of  blades  in 
various  modes  taken  into  account  and  usually  comprises  0.3-0. 6.  A 
blade  with  linear  stagger  makes  it  possible  to  perform  the  assigned 
compensation  only  in  one  cross  section,  for  which  the  cross  section 
with  the  greatest  bending  stresses  is  naturally  taken.  The  root 
section  is  usually  such  a  section. 


There  is  a  more  effective  way  of  unloading  the  blade  by 
centrifugal  forces  -  the  attachment  of  a  blade  in  a  hinged  j».int 
so  that  the  total  bending  moment  in  the  framing  will  equal  zero 
on  any  mode  of  operation  for  the  turbine  wheel.  The  blade,  in  this 
case,  can  be  lighter  than  with  rigid  framing.  However,  due  to  design 
complexity.  this  can  only  be  done  for  cold  blades  (long  compressor 
blades)  and  only  for  the  compensation  of  bending  moments  in  the  plane 
of  rotation  of  the  disk. 
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Pig.  3.20.  Compensation  of  gas- 
dynamic  bending  moments  by 
moments  from  centrifugal  forces. 


Total  stresses  and  safety  factors 


! 


i 

of  blades 


In  each  cross  section  of  a  blade  the  total  stress ,is  defined' 
as  the  sum  of  tensile  and  bending  stresses: 


crs  =cTp+(J,j. 


(3.17) 


] 

The  safety  factor  is  determined  from  expression 


(3.18) 


i 

fc  ! 

where  oq  is  the  rupture  strength  of  the  blade  material  taking 

into  account  temperature  and  time. 


Obviously  the  safety  factor  of  the  blade  along  the  radius  will 
not  remain  constant;  it  will  change  depending' upon  the  variation  and 
stresses  ov  along  the  radius  and  the  quantity  o  .  due  to  the 
variable  temperature  of  the  blade  (Pig.  3.21).  Usually  the  minimum 
safety  factor  is  n  =  1.2-1. 5  and  corresponds  to  the  unsafe  sections 
of  the  blade.  For  turbine  blades  the  unsafe  section,  .  counting,  from 
the  root,  is  approximately  20-30$  of  the  length'  of  the  blade. 
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Fig.  3.21.  Determining  the  unsafe  cross  section  of  a 
turbine  blade. 

,KEY:'  (lj  Unsafe  cross  section  of  blade. 


In  short-blades  where  bending  is 'insignificant1,  stress  analysis 
is  limited  to  the1  determination  of'  only  those  stresses  from  centrif- 
ugal  forces.  In  this'  case,  1 


n  p  ' 

'Op 


(3.18a) 


Usually  the  value  of  the  safety  factor  np  is  somewhat  higher  than 

when  taking  bending  stresses  into  account:  n  =  1. 5-2.0. 

.  ,  '  P , 

.  i 

Vibrational  analysis  of  blades  :  t 

i  i 

,  A  frequent  defect  occuring  in  working  jfcurbines  is  the  breakdown 
of  blades  from  vibratibn.  The  direct  cause  of  vibration  breakage 
is  the'  fatigue  of  the  material  during  the  action' of  alternating 
loads  which  cause  stress  higher. than  the  endurance  limits.  The 
mechanism  o'f  failure  can  be  visualized  thus. 


When  vibrations  exist,  first  small  cracks  appear  on  the  edge 

i  .  ■ 

of  the  blade.  During  vibration,  the  cracks  increase  and  when  the 
operating  cr*oss  section  of  the  blade  is  reduced  to.a  certain  value 

;  .  t 

because  of  a  cracks  breakoff  begins.  The  fracture  (the  point 


i 


i 


at  which  the  blade  obtained  the  initial  crack)  has  a  characteristic 
flat  polished  surface.  In  the  cross  section  where  the  blade  was 
broken  and  the  crack  has  not  yet  developed,  the  fracture  surface 
is  crystalline. 

The  breakdown  of  one  blade  usually  leads  to  the  failure  of  the 
remaining  blades  and  the  turbine  as  a  whole. 

"  To  prevent  vibration  breakage  and  control  it  successfully  when 

it  does  appear,  it  is  necessary  to  correctly  evaluate  the  possible 
sources  of  the  onset  of  the  defect.  For  this  purpv  xt  is  necessary 
to  determine  the  natural  frequencies  of  blade  vibration;  to  determine 
the  disturbing  forces  and  to  produce  their  wave  analysis;  to  construct 
a  frequency  diagram  and  reveal  the  possible  resonant  frequencies 
over  the  range  of  operating  revolutions  of  the  motor  and  find  which  are 
the  most  dangerous.  The  various  vibrational  modes  follow:  flexural, 
torsional,  flexural-torsional,  and  edge  vibration  (when  almost  tne 
entire  surface  of  the  blade  is  fixed  and  only  individual  points 
on  the  edge,  sometimes  the  closed  areas  of  the  blade,  vibrate). 

Edge  vibrations  have  very  high-frequencies  and  appear  in.  fine 
blades . 

Flexural  vibrations  are  the  most  dangerous  because  their 
frequency  can  be  within  the  range  of  the  working  rpm.  The  other 
wave  forms  of  turbine  blades  have  a  high  frequency  and  do  not  always 
fall  within  the  range  of  working  rpm's. 

Edge  vibrations  have  a  frequency  on  the  order  of  10,000  vibra¬ 
tions  per  second  and  can  be  excited  with  a  certain  combination  of 
i  nozzle  and  rotor  blade  quantities  during  vibrational  combustion  in 

the  combustion  chambers.  These  vibrations  as  yet  have  not  been 
generalized. 

* 

Figure  3.22  shows  the  types  of  vibration  cracks  in  turbine 
blades . 

Let  us  examine  only  the  flexural  vibrations  of  blades. 
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Determining  the  frequencies  of  inherent  (free) 
vibrations  of  blades 

In  the  vibrational  analysis  of  blades  let  us  use  the  following 
assumption. 

1.  The  blade  is  a  rod  one  end  of  which  is  tightly  sealed  and 
the  other  is  free.  The  axis  of  the  unbent  blade  (in  free  position) 
is  rectilinear  and  is  directed  strictly  along  the  z-axis  (Pig.  3*23). 


Fig.  3.22.  Types  of  vibration  Pig.  3.23.  Calculation  diagram  of 
cracks  in  turbine  blades.  a  blade  (for  vibrational  analysis). 


2-  We  shall  examine  blade  vibrations  only  in  the  smallest 
rigidity  plane,  i.e.,  relative  to  the  principal  side  axis. 

3.  We  assume  the  blade  is  net  twisted  but  is  turned  a  certain 
angle  3  =  const  (there  is  no  rotational  inertia  of  the  section). 


s- 


*t.  There  is  no  rotation,  i.e.,  thei  e  are  no  longitudinal  forces 
being  caused  by  centrifugal  forces  (the  effect  of  centrifugal  forces  * 

on  vibration  frequency  in  a  blade  will  be  discussed  later). 

The  natural  frequencies  of  blade  vibration  will  be  determined 

* 

by  the  method  of  the  direct  compilation  of  a  frequency  equation 
using  the  familiar  D'Alambert  principle. 


External  loads  during  blade  vibration  are,  the  forces  of  inertia. 
The  linear  load  from  the  force  of  inertia  is  expressed  by.  equality 


q^ 


(a) 


or 


q  =  —QFt\,  '  (a') 

where  pF  is.  the  linear  mass  of  the  blade  (the  mass  of  a  unit 
length  of  a  blade); 

.  .p.  is  the;  density-  of  the  blade,  .material-; 

F  is  the  area  of  the  current  blade  cross  section; 
n  =  n(Zj  t)  is  the  bending  function  (the  equation  of  an  elastic 
line)  of  the  blade. 

The  external  force  of  inertia  is  balanced  by  the  internal 
elastic,  forces. 

As  we  know,  the  bending  moment  during  bending  of  a  beam  is 


AlH=EI\ 


,<vn 

dz 2  * 


(b) 


or 


Mn=E/of, 


(b') 


vtoere  E  is  the  elasticity  modulus  of  the  first  kind; 

is  the  moment  of  inertia  of  the  cross  sectional  area  of 
a  blade  relative  to  the  £  axis; 

n"  is  the  second  derivative  with  respect  to  z  of  the  function 
of  deflection. 


Differentiating  this  equation ,  we  find  the  expression  for 
sheading  force: 

dz  ( c ) 

After  we  differentiate  equation  (c)  once  more,  we  obtain  an  expression 
for  linear  load  from  the  internal  elastic  forces: 


dWH_  dQ 
dz2  dz 


(d) 


Let  us  make  the  external  linear  load  equal  to  the  linear  load 
from  internal  forces  [equations1  (a-1)  and  (d) ] ;  then  the  general 
differential  equation  for  an  oscillating  blade  will  be  written  in 
the  form 


(zr/oiT +0^1=0. 


(3.19), 


To  solve  differential  equation  (3.19)  3ot  us  use  Fourier’s 
method  -  the  separation  of  variables  z  and  t.  We  shall  introduce 
designations : 


T](2,  g(t)  UQ, 

where  u(z)  is  the  function  of  deflection,  depending  only  on  the  z 
coordinate ; 

g(t)  is  the  function  of  deflection  depending  only  or  time  t. 

If  we  differentiate  equation  (e)  four  times  with  respect  to 
z  and  two  times  with  respect  to  t  and  substitute  these  derivatives 
into  equation  (3*19)>  we  obtain 


262 


! 


hence 


(Ehu  T  e 


(3-21) 


In  the  left  side  of  the  obtained  equality  we  find  the  function 
(EIfu")"/pFu  depending  only  on  the  z  coordinate,  and  in  the  right 
side  the  function  -g/g  depending  only  on  time  t.  Both  these  functions 
are  equal  at  any  values  for  z  and  t  and  ’this  is  possible  only  wH^n 

each  of  them  is  equal  to  the  same  constant  value.  We  shall  designate 

2  1  1 
this  constant  as  uc>  ,  .  . 

From  equation  (3.21)  we  obtain  two  differential  equations: 


.  (3.22) 


(£/=«")"-  *lQFn= 0. 


(3.23.) 


Equation  (3-22)  is  an  equation  of  harmonic  blade  vibrations. 
The  period  of  harmonic  vibrations  is  .  : 


T-  2*  ’ 

/  — ^  *  )  ’ 

Wr 


(3.2/0 


and  vibration  frequency  is 


1  _  MC 

J  T  2k  * 


(3.25) 


where  wc  Is  the  angular  velocity  of  the  natural  oscillations  of  the 
blade  (this  is  also  the  physical  meaning  of  the  constant  wc  in  i 
equation  (3-21)).  * 


The  solution  of  equation  (3.22)  gives 


g--A  costo^-f  B  sino >c/. 


(3.26). 


i 


*  i  * 

Equation  '( 3 ♦  $3 )  is  a  differential,  equation  'in  the  form  of .  an 

e'lastic  line  of  a  vibrating  blade  since  it  contains  only  geometric 

and  mass  characteristics  bf  a  blade  and! the  frequency  of  its  free 

.  1 

oscillations.  This  equation  is  not  solved  ,in  general  form.  V/e  can 

obtaih  -a  solution  of  a  uniformly  heated  (or  cold)  blade  of  constant 

cross  section.  Let  us  examine  this  case  when  P  =  const:  El,  =  corist. 
i  •  r  t 

'  i 

i  i  _ 

We  introduce  relative  variable  z  =  zVl .  Let  us  note  that: 


MtII-MtHIMtIR-It); 


(3.2V) 


Then  equation  (3.23)  assumes  the  form 


(3.27’)  J 


.  «1V— ,a4tt==0; 


(3.28) 


whe-re 


a  ~ 


(3.29) 


is  a  parameter  of  differential. equation  (3-28). 


,  Prom  equality  ( 3 » 29 )  wfe  can  determine  the  sqqare  of  the  inherent 
angular  velocity  of  blade  vibrations  :t 


MfiviF' 


(3.30) 


where  a  i,s  still  unknown.  1 


I  !  ) 


Equation  (3.28)  is  a  linear  differential  equation  of  the  fourth 
order.  A  full  solution  is  written  in  the  form 

u(z)  =  A  cosar~5sinar4-Cchar-{-^sha'*  1  (3. 3D 

Instead  of  particular  solutions  cos  otz;  sin  az;  ch  az  and  sh  ctz, 

A.  N.  Krylov  introduced  linear  combinations  of  angular  and  hyper¬ 
bolic  functions  which  were  given  the  name  of  Krylov  functions  [22]. 

Using  these  functions ,  we  obtain  from  equation  (3. 3D 

u  (r)=A S  {az)  -f  BT (a ~z)+C(J la 7)  -f  DV  (az),  ( 3. 31  * ) 


where 


5  (a z)  =  Y  (ch  ar-jreosar); 
T(as)~ —  (shar-{-$iriar); 

4 


U  (az)~~-  (char— cos  az); 

V  («r)=—  (shar  — sin  az). 
2 


(3.32) 


‘Remember  that  the  hyperbolic  sine  and  cosine  are  determined 
by  expressions: 


sh  x  = 


ex-e~x 


;  ch  x — 


exi+  e~x  ' 

Ck  * 

£- 


and  their  derivatives: 


(sh.v)'  —  cli.v; 


(ch  .v)'  —  sh  a*. 
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Functions  S,  T,  U  and  V  during  differentiation  have  the  property 
of  circular  replacement,  i.e.. 


S"  (H)  -a-U  (al); 
T(al:); 

7"  (a?)=a2V  (a  2); 
U{ al); 

U"  (a?)—u?S  (a  z); 
V  (al); 

V"  (az)=a-T  (al); 


S' ( a;)r=aV(u:); 
S'"  (al)  —a?7  (al); 
V  (a?)  —  aS  (az); 
7"'  (at)  =  a3L;  (a?); 
U'  (a7).=  «r  (al); 
U"'  (al)  =a3K  (al); 
V'  (ar)=a U  (a?); 
Vm  (a  r) =a3S  (u7). 


(3.33) 


The  use  of  these  functions  makes  it  possible  to  immediately 
obtain  a  solution  to  equation  (3.28)  which  satisfies  the  boundary 
conditions.  We  have  the  following  boundary  conditions  for  our 
problem: 

1)  z  =  0;  u(0)  =  0  (deflection  in  the  seal  is  zero); 

2)  z  =  0;  u’(0)  =  0  (the  angle  of  pitch  of  the  section  in  the 
framing  is  equal  to  zero); 

3)  2  =  1;  u"(ct)  =  0  (bending  moment  at  the  free  blade  tip  is 
equal  to  zero); 

*0  z  =  1;  u" *  (<x)  =  0  (shearing  force  at  the  free  blade  tip  is 
equal  to  zero). 

If  we  use  the  first  two  boundary  conditions,  we  obtain  A  =  0; 

B  =  0.  Then  the  solution  to  (3. 31')  will  be 

u(z)~CU  (az)  -\-DV  (az).  (3.31") 

We  shall  use  the  third  and  fourth  boundary  conditions  (when  ~z  =  1). 
From  formulas  (3*33)  we  obtain: 


# 
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U"(a)=tfS(a);  .  V"(a)=uT(a); 
U'"  (a)=a3l/  (a);  VM  (a)=a3S  (a). 


Substituting  these  expressions  into  equality  (3.31")>  accordingly, 
for  the  third  and  fourth  boundary  condition  we  obtain 

Ca-S  (a)  -f  Da-T  (a) = 0; 

CazV  (a)  4-  Da3S  (u)—  0. 

The  solution  to  this  system  of  uniform  algebraic  equations 
relative  to  C  and  D  will  have  a  nonzero  value  if  its  determinant  is 
equal  to  zero,  i.e., 

S( «)  T(a) 

V(a)  5(a)  ’ 

2 

or  S  (a)  -  V(a)T(a)  =  0;  hence,  using  equalities  (3.32),  we  obtain 

t 

chucosa=— I.  (3.34) 

Equation  (3.34)  has  an  infinite  number  of  roots.  However  only 
the  first  of  them  have  any  value  for  us: 

f«,=1.87o;  a2= 4,694;  a3=7,85S; 
a4=- 10,996;  a5= 14,137;  a6=  17,279  etc. 

Each  value  of  a  corresponds  to  its  own  form  of  elastic  lines  (Pig. 
3.24),  according  to  the  number  of  nodal  points,  and  its  own  inherent 
circular  vibration  frequency,  determined  by  equality  (3.30). 

For  example,  for  the  1st  form  of  vibrations  the  inherent 
angular  velocity  of  vibrations  is 
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(3. 30’) 


wcl 


Pig.  3.2^.  Forms  of  flexural, 
blade  vibrations. 

KEY:  (1)  1st  form;  (2)  2nd  form; 
(3)  3rd  form. 


Accordingly,  the  vibration  frequency  (in  Hz)  for  this  case  is 


Integral  method  of  determining  the  natural 
frequencies  of  blade  vibrations 

This  method  of  determining  the  natural  frequencies  of  blade 
vibrations,  as  indicated,  is  appropriate  for  only  the  simplest  case 
when  a  blade  has  a  constant  temperature  along  its  length  and  the 
cross  section  is  constant.  However,  for  the  majority  of  the  problems 
this  solution  is  not  appropriate.  Therefore,  let  us  examine  the 
general  case  of  a  vibrating  blade  which  has  P  /  const;  EI^  t  const. 

The  initial  differential  equation  of  natural  oscillations  was 
obtained  above  (3.°23): 


Remember  that  the  left  side  of  this  equation  is  linear  load 
from  the  internal  elastic  forces.  Let  us  integrate  this  equation. 
We  obtain  the  expression  for  shearing  force 

m 

(£/siO'==®?J(  QFu<tz-TC i* 

o 

The  integration  constant  C1  is  found  from  the  boundary  condition: 
when  z  =  l  the  shearing  force  is  zero,  i.e., 

(£/*«%.,= 0, 


hence 


Substituting  the  value  of  C1  into  the  expression  for  shearing 
force,  we  obtain 

(£/*«")' =  <4  l  f  t \Fudz  —  J  —  — «c  J  G Fudz. 

\o  o  J  * 


Integrating  this  expression  again,  we  obtain  the  equation  for 
bending  moment 

z  l 


El  ill"  —  —  Wg  j  j*  qFu'Jz~+C2. 


0  z 


The  integration  constant  C2  is  found  from  the  boundary  condition: 
when  z  -  l  the  *  ending  moment  is  zero,  i.e., 


hence 


(/?/*«")*-, -0, 

Co  — (Oc  j  j  qFudz2. 


269 


Then  the  bending  moment  is 


E1.U"-  -J  j  0 /=-«rf-A=m?  J  f  qFu'U*. 

0  2  /  2  2 


If  we  designate  j  \  if Fwiz=Mn  (the  integral  operator,  proportional 

2  2 

to  bending  moment),  we  obtain 

E  IlU"  —  (0;Af ' 


or 


c  m 


c  £/c 


After  we  integrate  this  equation,  we  find  the  angle  of  pitch 
for  the  elastic  line; 

2  f  Af„ 


The  integration  constant  =  0,  since  u’ (0)  =  0  when  z  =  0. 

Let  us  integrate  the  last  time.  We  shall  obtain  the  equation 
for  .e  deflection  of  a  vibrating  blade: 


2  2 


0  0  5 


The  integration  constant  =  0,  since  u(0)  =  0  when  z  =  0. 


Finally,  the  linear  integral  equation  of  an  elastic  line  for 
a  vibrating  blade  is 


*  e  l  l 


\\lr\\ QFudzi- 


(3.35) 
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We  shall  designate 


0  0  i  z  z 


(3.36) 


Then  equation  (3.35)  can  be  written  as 


i 

(3.37) 


As  follows  from  the  theory  of  integral  equations,  equation 
(3.37)  leads  to  a  Fredholm  linear  homogeneous  equation  of  the  second 
kind  with  parameter  X  : 


A 

y  (*)  =  >.  J  K  ( zs )  y  ( s )  ds, 

a 


(3.38) 


!  ' 

which  has  a  number  of  important  properties  allowing  the  use  of  these 
equations  for  the  solution  of  practical  problems. 

i 

*  \ 

In  equation  (3*38)  function. y(s)  is  unknown  and  must  be 
determined  so  that  it  is  satisfied  identically  for  all  values  o3?  z 

i 

in  the  range  of  a  <  z  <  b. 


I 

Function  K(zs)  is  called  the  nucleus  of  this  equation  Gr  Green's 
function.  The  quantity  X  is  called  the  parameter  of  the  Integral 
equation,  the  eigenvalue  or  the  eigenvalue  of  equation  (3.38). 


Equation  (3.38)  besides  the  trivial  solution  y(z)  =  6,  has 
untrivial  solutions  in  fully  defined  cases.  The  latter  solutions 
are  called  eigen  or  fundamental  functions  of  equation  (3.38)- 
corresponding  to  a  given  eigenvalue  of  X. 


K(zs)  is  the  nucleus  of  the  integral  equation  which  determines 
its  fundamental  properties  and  has  a  simple  physical  sense:  this  i!s 
the  function  of  the  effect  of  an  elastic  system,  i.e.,  tne  amplitude 

value  of  the  deflection  of  a  beam  at  an  arbitrary  point  z  under  the 

* 

effect  of  a  single  source  applied  at  point  s. 


271 


f 
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I 


I 


J 


(  The  peculiarity,  of  Green's  function  is  its  substance  and 

continuity  along  the  beam,  i.e.,,  over  the  range 
,  i 

’  a,<s  <  b. 


Furthermore,  'for  any  elastic  system 

*  l 

the  property  of  symmetry  or  reciprocity, 


,  Green's  functions  have 
i.e. ,  K(z,  s)  =  K(s ,  z). 


!  , In  the  theory  of  integral  equations  it.  is  proven  that: 

-  a  homogeneous  integral  equation-  has  an  infinite  set  of  eigenvalues 
!  for  X ; 

:  i 

-  all  the  eigenvalues  of  X  are  real.  The  physical  sense  of  X 

'  I 

is  the  squarie  of  the  natural  frequencies  pf  a  system: 

»  *  *  i 

* 

1  ^  =  > 


.  !  I  .  ' 

:  > 

-  each"  eigenvalue  of  X  corresponds  to  at  least  one  eigenfunction; 
the  number  of  linearly  independent  eigenfunctions  which  correspond 

to  .a  given  eigenvalue  is ‘finite; 

-  the  eigenfunctions  of'  an  integral  equation  v/ith  a  symmetrical 
nucleus  form 'complete  normal,  and  orthogonal  (orthc  ormalized)  sets 
of  fundtions  bound  by  the  relation 

•  :  j 


ripn  =  when 


( ]  npn  /  =&  j 

•  i 

» 

1  np»  i  =  j 


(3.39) 


1 

where  q^.  is  the  generalized  transverse  load., 
s 

i  •  ' 

The  obtained  linear  integral  equation  (3.37)  has  the  following 
properties :  i  >  ,  .  i 

:  2  2  1  2 

-  it  has  an  infinite  number  of  eigenvalues  u>cl,  u>c2,  ..., 

i.e.,  the  vibrating  b'lade  has  an  infinite  .number  of  natural  frequencies; 

-  eaph  eigenvalue  corresponds  to  a  strictly  defined  eigenfunction 

I  ,  «  !  ( 

Uj,  'u2,  u^...,  ,i.e.,  its  own  form  of  elastic  line; 

i 

'  i 

i 

•  ■  ' 
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-  all  eigenfunctions  form  ah  orthogonal  set  of  functions 


l 

J  aFtttUjdz = 

o 


0 

1 


FipH 

npH 


i£j 

i~j 


npw  =  when 


(3.39') 


The  last  property  is  used  in  determining  the  natural  frequencies 
of  vibrations  and  the  form  function  for  orders  above  the  first 

p 

(i.e.,  wck  and  uk  where  k  =  2,  3,  4...). 

Integral  equation  (3.37)  is  usually  solved  by  the  method  of 
successive  approximation  (simple  iteration).  The  advantage  of  this 
method  is  the  x^act  that  with  it  it  is  possible  to  calculate  a  system 
where  all  parameters  are  given  numerically  (tabular).  As  a  result 
of  calculation,  along  with  the  frequencies,  wave  forms  are  obtained 
which  gives  a  concrete  physical  meaning  to  the  solution  of  the 
problem. 

If  a  certain  function  is  preset  numerically,  it  is  first 
necessary  to  normalize  this  function.1  This  means  that  each  value 
of  the  function  is  divided  by  its  norm  (usually  the  norm  is  the 
peak  value  of  the  modulus  of  the  function  in  the  assigned  range  of 
variation),  i.e.. 


u  i?) 
(*)/m ar.  ’ 


(3.  *10) 


*To  compare  two  different  functions  of  one  class  the  concept  of 
the  function  norm  exists.  The  function  norm  is  the  numerical  value 
of  the  important  parameter  or  a  set  of  parameters  inherent  in  all 
comparable  functions,  sometimes  simply  the  "scale"  of  the  function. 

The  norm  of  the  function  is  designated  ||u||  or  u| . 

A  function  whose  norm  is  equal  to  one  is  called  normalised.  In 
vibration  problems  for  the  function  norm  we  usually  use  the  highest 
value  of  the  modulus  of  a  function  in  a  given  range  or  variation,  which 
can  be  designated  u|max- 
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Figure  3.25  shows  the  operation  of  normalization  for  a  certain 
function  u(z).  The  curve  u(z)  is  obtained  from  the  curve  u(z) 
by  dividing  each  value  of  the  ordinates  of  the  first  curve  by  its 
norm  u(z The  second  curve  is  normalized  since  its  norm 

lUa.  a 

u(z)/  is  equal  to  one. 
max 


The  process  of  successive  information  will  consist  of  determin- 

—  ? 

ing  eigenfunction  and  eigenvalue  wc(i+1)  if  there  is  an 

initial  approximation  of  function  u^,  based  on  the  formula  of  simple 
iteration 


«(/+!)  = 


( 3 . hi ) 


In  this  formula  there  are  two  unknowns:  and  wc(i+l)‘ 

The  method  of  successive  approximations  enables  us  to  find  the  unknown- 
For  this  we  find  integral  operator  Ku1  from  the  function  of  the 
initial  approximation  The  first  approximation  will  be  obtained 

by  normalizing  the  result: 


h/-pl  tUC(f -f-l  )/\  llj 


K/+1)  Kui)l 


max 


(3.^2) 


2  • 

Since  the  unknown  number  is  in  both  the  function  and 

the  norm  as  the  multiplier,  it  is  shortened,  which  makes  it  possible 
to  carry  out  further  calculations  without  determining  it  in  the  inter¬ 
mediate  stages. 


After  determining  the  operation  is  repeated  and  we  find 

the  following  approximation: 


«(/+2)  ~Wc(/+‘2)  Ktly+i) 


(3. <13) 


etc.,  until  two  neighboring  approximations  give  sufficiently  good 
eigenfunction  agreement. 


I 


I 


The  unknown  parameter  of  or  is  found  from  formula  (3.43)  under  . 

C  %  * 

the  conditions  that  the  values  of  the  functions  of. the  last  two  , 

,  '  ■'  !  .  1 
approximations  are  equal:  ;  ’  •  » 


«'(/+ 2)  «  «</+!). 


(3-44). 


Then  equation  (3*43)  has  the  form 


«</+!)  ^“£(1+2)  !)•  i 


i  (3.43’) 


Since  the  last  equality  must  be  valid  throughout  the  range  of' 
function  variation,  it,  of  courde,  will  also  be  valid'  for  the 
maximum  values  of  the  function,  i.e.!,  the  norm.  iTherefore,  we  can 
write  equality  (3.43')  as  follows: 


«(/+i)Lx:=  1  ==(4(/+2)  /c«(/+j))|r 


(3.43")' 


hence 


12 

wc(/4-2)~ 


(3.45) 


The  last  expression  is  the  calculation  fqr  determinin,.  thd  square 
of  the  angular  velocity  of  the  natural  vibrations, of  the  blade.  ! 

The  calculation  is  reduced  to  a  table ;  the  agreement ’accuracy  of  the 
two  successive  approximations  can  be  checked  conveniently  (at  a 
glance)  graphically,  for  which  the  function  u  => u(z)  is  plotted  i'dr 
the  initial  and  subsequent  approximation^  (see,  for  example, 
analysis  3*1). 


As  we  know,  the  method  of  successive  approximation  always  leads 
to  a  search  for  the  smalles't  eigenvalue  ’integral  equation  '{i.e..,  the 
lowest  frequency  of  natural  vibrations)  and  the  proper  form  of  the 
elastic  line  regardless  of  the  originally  assigned  form  function 
for  the  elastic  line.  >  .  1  . 


i 


I 


I 


I 


I 


For  plotting  the  converging  process  of  successive  approximation 
wheq  seeking  the  highest:  values  of  natural  frequencies  and  the 
■corresponding,  ^orms  of  elastiq  line ,  -the  condition  of  orthogonality 
( 3.39 * )  is  used.  The  formula  for  determining  the  eigenfunction 
uk(i+D ,  if  ti?e  function  ,uk  i  is  known.,  will  have  the  follpwing 
fqrm:  .  ;  '■  ,  ! 

*  1  i 


'  W  A  ( / +1 )  (^ )  ---  «c  *(/.+!  )Kkti *, /, 


(3^6)' 


i  I 

O 

where  is  an  approximation  for  the  square'  of  the!  frequency 

of  k-th  order  vibrations.  ,  :  .  . 

'  1  *  » 

l 

,  The’  integral  operator  is  1  ! 


Xktlk.i  —  4  Cjttj  4‘^'2K2-f  •  •  •  \uk-\y 


.  1  ;  .  1 

where,  Ku’k  i  is  the  integral  opprator  corresponding  to  the  function 

uk  ^  for  thei-th  Approximation  (determined  according  to,  the  fo^.ula 

1  (3* 36 ) ) j  ,  ,  '  !  .  . 

C,u, :  C0u0  ...  are  the  terms  which'  remove  the  effect  !of  the 

’  i  Jj  1-  2  2 

component  form  functions,  of  the  lowest  orders  which  appear  in  the 
process  of  successive  approximation; 

C^j  Cv,  ...  are  the  coefficients  of  orthogonality.  , 

>  '  1  1  , 

For  a  mope  detailed  definition  of  natural  frequencies  and  form 

■  functions  for  higher  ordqrs,  see  reference  [10].  '  This  reference 

also  discusses  the  methodology  of  vibrationaj.  analysis  for  a  blade 

»  .  , 

with  a  banu  web  taken  into  account.  Let  us  note  only  that  any  „ 

1  *  *  *  -  » 

addition  of  weight  tq  a  vibrating  system,  (to  a(  blade  or,  any  other _ 


1  1 


elastics  system)  reduces  the  natural  frequency  of  vibrations  for 
the  system.  '  ,  0  >  .  , 


Ekample  3.1.  ,  Fin'd  the  lowest  frequency  of  natural  vibrations 
for  a  turbin'e  blade  whose  parameters  are  indicated  in  Table  3.1* 
The  length  of  th'e  blade  is  l  -  O.1H3  m;  the  njaterial  is  KhN70VNTYu 
(EI617)  alloj* ;  p  =  8.  iJ*10^  kg/ip^.  In  the  analysis  we  take  into 
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account  variation  in  the  modulus  of  elasticity  due  to  nonuniform 
heating  of  the  blade  longitudinally.  The  values  of  P  and  1^ 
are  obtained  from  gas-dynamic  analysis. 

u(z) 

Fig.  3.25.  Normalizing  a  function.  2,0 
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Fig.  3.26.  The  initial  and 
two  subsequent  approximations 
of  the  first  form  of  the 
elastic  line  of  a  vibrating 
blade  (example  of 
calculation) . 
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For  analysis  the  blade  is  divided  into  ten  equal  sections 
(generally  we  can  take  any  number  of  sections  and  they  do  not  have 
to  be  equal).  As  the  zero  approximation  we  take  the  elastic  line 

of  a  cantilever  of  constant  cross  section  (function  u10),  which 
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satisfies  the  boundary  conditions  of  the  r  oblera  (this  function  is 
already  normalized). 


j 

j  Pig.  3.27*  Integration  of 

:  the  f(x)  function  by  the 

trapezoid  method. 


The  analysis  will  use  formula  (3.25).  Integration  will  be 
performed  according  to  the  trapezoid  method.1 


Integration  in  lines  (8)  and  (15)  begins  from  the  blade  tip 
since  according  to  the  boundary  conditions  when  z  *  1,  the  shearing 
force  is  equal  to  zero.  Integration  in  lines  (9)  and  (16)  is  also 
performed  from  the  blade  tip  (wh--*n  z  »  1  the  bending  moment  is  zero). 
In  lines  (11),  (18)  and  (12),  (19)  we  integrate  from  the  beginning 
of  reading  (since  when  z  -  0  the  angle  of  pitch  and  the  deflection 
of  the  blade  are  equal  to  zero). 


Both  the  zero  and  the  subsequent  approximations  of  function 
u  are  drawn  on  the  graph  (Fig.  3.26). 

The  angular  velocity  of  natural  blade  vibrations  is  determined 
from  formula  (3.^5),  taking  into  account  the  remote  factor: 


1 As  we  know,  the  formula  of  trapezoids  has  the  following  form  > 

(if  the  number  of  points  of  division  is  equal  to  n)  (see  Pig.  3.27) 

A 

\  /  (.v) dx  2:  —  (/0  2/|  2/o  + . . .  +  2/rt_i  4-  /fl),  where  A*  =  - — -.  , 

r  *  ft 

a 

The  greater  n  the  more  accurate  the  formula. 
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VaswenjMm 


wct- 


hence 


1 


HKm) 


max 


(0  I^2\4 

-~-J  *10—7.57134 


=t8vI9-  106, 


wci=2860  rad/s 


Blade  vibration  frequency  is 


fci  —  -r~  =  456  vib/s 
Jjx 

The  effect  of  revolution  on  the  natural 
frequency  of  a  blade 

In  practice  the  frequency  of  natural  vibrations  in  a  rotating 
blade  is  determined  according  to  the  frequency  of  a  nonrotating 
blade  with  a  correction  for  rotation. 

As  has  already  been  mentioned  in  the  stress  analysis  of  a  blade 
in  a  rotating  blade  under  the  action  of  centrifugal  forces  moment 
appears  which  strives  to  straighten  the  bent  blade  during  its  vibra¬ 
tion  (see  Pig.  3.20).  This  is  equivalent  to  stiffening  a  blade,  due 
to  which  the  natural  frequency  of  a  rotating  blade  increases. 
Particularly  strong  is  the  effect  of  centrifugal  torces  on  the 
lowest  natural  frequency  (corresponding  to  th-.  ,'lrst  sending  form). 
The  effect  on  the  other  frequencies  is  less  substantial.  Therefore, 
it  is  of  interest  to  calculate  this  lowest  natural  frequency  with 
the  effect  of  centrifugal  forces  taken  into  account. 

Fig.  3.28.  The  dependence  of 
the  natural  frequency  of  a  blade 
on  the  angular  velocity  of 
rotcr  rotation. 

KEY:  (1)  rad/s. 
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Table  3.1*  Continued 


The  angular  velocity  of  natural  vibrations.,  with  rotation 
taken  into  account,  is  determined  from  formula 

(o;=(o2-|-^  (3.48) 

where  o>  is  the  angular  velocity  of  natural  vibrations  in  a  nonrotating 
blade ; 

a)  is  the  angular  velocity; 

B  is  the  coefficient  allowing  for  the  effect  of  centrifugal 
forces  on  the  natural  frequency  of  a  blade. 

Coefficient  B  depends  on  the  geometric  dimensions  of  the  blade 
and  can  be  determined  from  formula 

l  i 

Y'M*  (3.-49) 

where  F  is  the  current  cross-sectional  area  of  the  blade. 

Figure  3.28  shows  the  character  of  variation  in  as  a  function 
of  the  angular  velocity  of  the  rotor. 

The  effect  of  blade  heating  on  the  frequency 
of  its  natural  vibrations 

During  turbine  operation  from  the  moment  of  starting  up  to  the 
steady  run  the  gas  temperature  and  blade  temperature  vary. 

Due  to  the  increase  in  blade  temperature  with  a  change  in  u> 
the  modulus  of  elasticity  for  the  material  is  reduced,  which  leads 
to  a  reduction  in  the  frequency  of  natural  vibration,  as  shown  in 
Fig.  3.28  (dashes). 

If  the  blade  temperature  for  each  mode  is  known  then  we  can 
account  for  the  effect  of  heating  from  formula 
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G)j  =(•)- 


/¥• , 


(3,50) 


where  E.-  is,  the  modulus  of  elasticity  at  the  assigned  temperature; 

^  I 

<i)  and  E  are  the  natural  frequency  and  the  modulus  of  elasticity 
for  a  cold  blade,  respectively.  •  .  , 

Forced  vibrations  of  blades.  Resonance,  modes 

! 

I 

During  the  work  of  a  turbine  gas  flow  moves  along;  the  circulatory 
part  nonuniformly .  This  nonuniformity  is  caused  by  a  change  in  the 
direction  of  the  gas  in  the  nonrect'i linear  circulatory  section  and 

1  I 

also  by  the  effect  of  various  racks,  flanges,!  guiding  blades,  and 
other  structural  elements  which  are  located  in  the  circulatory  part. 
The  nonuniformity  of  the  flow  which'  actuates  the  blades  is  caused 
by  the  partial  admission  of  gas  in  turbines  wit)i  velocity  stages. 

The  nonuniformity  of  flow  creates  alternation  in  the  gas  forces 
which  load  blades  during  their  operation.  !  , 

i  ; 

Because  of  this,  forced  vibrations  appear  j^n  the  blade. 

In  the  time  of  one  revolution  of  the  turbine  wheel  the  force  , 
which  acts  on  the  blade  will  change saccording  to  a  certain  law, 
whereupon  it  can  be  presented  as  the  sum  of  harmonic,  components  . 

(Fig.  3.29):  i  • 


P(t)=  Pq-J-  Pj  sin  (w  xt  -f  -f  P2 sin  («a*  +  es)  + 
^  sin  (co^-f  £*)  +  ..., 


'(3.5D 


where  PQ,  P^,..,  are  the  amplitude  values  of  each' of  the 'harmonic 
components;  !  1  , 

el>  e2>  * ,,J  ek  are  anS^-es  °f  phase  shift  for  the  correspon¬ 
ding  harmonics,  i  '  : 


■  i 
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Each  of  the  harmonics  of  the  angular  frequency,  of  forced 

i  ,  \  .  ! 

*  vibrations  u)'k  is  a  multiple  of -angular  velocity  oj  of  the  rotor; 
the. order  of  harmonic  k  determines  thic .multiplicity : 


I  !. 


.=&o=  k'2nnt 


(3-52) 


'• '  where  k  is  the  harmonic  number;  k  =  1,  2,  3,  . ..; 

.:i  is  the  number  of  revolutions  of  the  rotor  per  second. 

1 

,  i 

Forced  vibrations  by  themselves  will  be  dangerous  if  the  value 
‘of  the  exciting  force  is  high,  able(to  cause  significant  amplitudes 
of ( vibrations.  However,5 in  practice,  the  so-called  resonance  modes 
will  be  dange'rous.  : 

’  1 

As  we  know, -the  dondition  of  resonance  is  the  equality  of 

forced  frequencies  u>0  *  us^  to  the  frequencies  of  natural  vibrations 


Wp  ,  i'.  b .  , 


wB==«>e. 


(3.53) 


i  i 

In  this  case,  even  small  forces  are  capable  of  causing 
significant  amplitudes  of  vibrations  and  leading  to  blade  breakdown. 


!  |  .  ! 

In  a  turbine  a  large  number  of  different  harmonics  of  excitation 

car.  occur.’  However ,(  not  all  these  harmonics  will  be  dangerous  from 

• yhe  point  of  view  of  resonance.  To  establish  the  degree  of  danger 

for  any  harmonic  a  frequency  (resonance)  di igram  (Fig.  3.30)  has 

been  plotted  for  each  turbine  stage.  The  diagram  •'s  a  graph  of  the 

dependence  of  the  frequencies  of  free  [determined  oy  equation  (,3.^8)] 

and  forced  [see  equation  (i3. 52)]  vibrations  of  a  blade  on  the  angular 

velocity  or  the  cumber  of  revolutions 'per  second. 

'i  i  * 

I  a 

In  yiewi  of  the  difficulty  of  obtaining  curves  P  =  P(t)  when 
plotting  a  frequency  diagram: and  a  preliminary  evaluation  of  the 


i 


danger  of  any  resonance,  we  must  take  into  account  that  the  amplitude 

of  the  force  P  and  its  harmonic  components  rapidly  increase  with  a 

decrease  in  the  number  of  revolutions.  Therefore,  of  practical 

interest  is  an  examination  of  forced  vibrations  in  a  range  of 

revolutions  n  =  (0.8-1.05)nmav. 

,  max 


With  the  action  of  harmonics  of  one  force,  the  harmonics  of 
the  lowest  orders  are  more  dangerous.  For  clarity,  along  with  the 
frequency  diagram,  we  shall  plot  a  graph  showing  the  dependence  of 
stresses  on  angular  velocity  io  during  forced  oscillations  of  a  blade. 
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At  each  of  the  points  of  intersection  by  a  ray  of  exciting  forces 

with  the  graph  of  natural  frequencies  resonance  will  occur.  In 
these  modes  "bursts"  are  observed,  l.e.,  sharp  increase  in  amplitudes 
and  an  increase  in  stresses. 

An  analysis  of  the  frequency  characteristic  shows  which  harmonics 
of  forced  vibrations  will  be  dangerous  and  makes  it  possible  to 
soundly  implement  the  design  of  a  turbine  node  so  as  to  avoid 
dangerous  resonance  modes. 

The  following  practical  methods  of  combatting  resonance  modes 
in  blades  exist. 

1.  Elimination  of  the  dangerous  exciter  harmonics.  This  can 
sometimes  be  done  by  a  small  structural  alteration  of  the  turbine 
unit.  Let  us  assume  that  dangerous  harmonic  k  =  4  (based  on  the  number 
of  racks).  If  we  change  the  number  of  racKs,  increasing  it,  for 
example,  to  5,  then  the  dangerous  harmonic  disappears. 

2.  To  build  the  resonance  frequency  out  of  the  blade,  i.e.;  to 
change  the  inherent  angular  velocity  wc.  This  can  be  done  by  a 
certain  variation  in  the  blade's  dimensions,  however,  so  as  not  to 
disturb  the  gas-dynamic  characteristics  of  the  turbine  and  not  to 
make  a  basic  alteration  of  the  turbine  stage.  It  is  possible,  for 
example,  to  use  hollow  blades,  to  cut  the  angle  of  the  blade  foil 

in  the  periphery  near  the  trailing  edge,  to  use  blades  with  band 
webs,  to  combine  blades  into  groups  by  connectors  or' to  cast  blades 
with  band  webs  in  groups. 

All  these  measures  allow  the  redistribution  of  mass  and  the 
rigidity  of  the  blade  foil  and,  consequently,  a  variation  in  u>Q . 


3.  The  damping  of  blade  vibrations.  There  are  several  methods 
of  damping  vibrations  in  elastic  systems  based  on  energy  dispersion 
of  a  vibrating  blade.  This  involves  primarily  damping  in  the  blade 
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material  (because  of  the  internal  friction),  mechanical  damping  in 
the  blade  join'  s.  It  is  possible  to  damp  blades  by  the  installation 
of  two  adjace:  c  blades  into  one  slot  on  the  disk.  In  this  case, 
damping  is  created  by  the  friction  of  the  vibrating  blades  about 
the  plane  on  the  joint  of  two  blades.  The  vibrations  of  long  blades 
can  be  damped  by  passing  a  wire  through  the  opening  in  the  blades 
on  a  free  fit.  During  the  rotation  of  a  blade  bundle  with  wire 
binding  whejre  vibrations  occur  at  the  contact  points,  friction, 
damping  the  vibrations,  will  arise.  This  method  of  connecting  blades 
by  a  wire  will  also  increase  the  rigidity  of  the  blades  and  u>c. 

There  is  also  the  so-caiied  aerodynamic  damping  based  on  a 
change  in  the  aerodynamic  force  during  a  variation  in  the  angle  of 
attack  and  the  relative  flow  velocity.  Aerodynamic  damping  is 
effective  only  with  long  blades  and  small  angles  of  attack. 

Experimental  checks  of  natural  vibration  frequencies  have  shown 
a  significant  deviation  in  actual  frequencies  from  the  frequencies 
obtained  by  calculation.  Actual  frequencies  rave  been  lower  than 
those  calculated  [23]. 

One  of  the  reasons  for  this  is  the  fact  that  the  calculation  of 
natural  frequencies  in  a  blade  is  carried  out  without  taking  into 
account  deflection  caused  by  the  effect  of  tangent  stresses  from 
shearing  forces  and  also  without  accounting  for  the  inertia  of 
rotation  of  blade  sections  during  vibrations  [see  formula  (3.25') 
for  blades  of  constant  cross  section]. 

Another  practically  important  reason  causing  a  reduction  in 
natural  frequencies  of  a  blade  is  the  effect  of  the  seal.  In 
analyzing  blades,  we  have  assumed  that  the  seal  was  absolutely 
rigid.  In  reality  during  blade  vibrations,  not  only  the  blade  foil 
itself  is  deformed  but  also  the  neck  attached  in  the  disk.  This 
effect  is  particularly  strong  in  short  blades  (blades  are  considered 
short  if  l/l  <  30  where  l  is  the  length  of  the  blade  and  i  is  the 
radius  of  inertia  of  the  blade  root). 
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The  actual  frequency  of  natural  bending  vibrations  of  the  first 
tone  for  blades  of  constant  cross  section  is 


(3.5^) 


where 


/p»ct 


f_u„  is  the  natural  frequency  of  vibrations  found  experimentally 

3KCn 

fpaC4  is  the  natural  frequency  of  vibrations  found  by  calcula¬ 
tions  without  taking  into  account  the  effect  of  tangential  stresses, 
the  inertia  of  seel  >  rotation,  and  the  seal. 
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Stress  analysis  of  turbine  disks  s 

i 

i  ,  • 

Turbine  disks  are  the  main! load-bearing  components  of  the  rotor 
and  enable  the  development  of  high  circular  velocities'  (up  to  300- 
350  m/s).  Turbine  disks,  jjust  As  rotor 'blades ,  >work  under  very 
severe  conditions.  The  following  stresses  appear  in  them: 

-  stress  from  the  centrifugal  forces  of  the  disk  itself  as  well  , 
as  from  the  centrifugal  forces  of  the  blades. fixed  to  the  disk; 

4  i  ,  * 

-  assembly  stresses  (when  a  disk  is  fit  tightlyto  a  shaft);  i 

-  bending  stress  (fr.om  the  axial  forces  of  thfe  gas  acting  .on  the 

blades  and  from  the  centrifugal  forces  of  the  blades  with  the 

unsymmetric  location  of  their  centers  of  gravity  relative  to  the 

.  *  1  ' 
middle  plane  of  the  disk);  '  ■ 

-  temperature  stresses  (during  the  uneven  heating  o’f  the  disk 

along  the  radius  and  thickness);  f  i  1 

-  torsional  stresses  (from  the  torque  on  the>  blades  being  , 

transferred  by  the  disk  to  th‘e  shaift)'.  11 


Furthermore,  it'is  necessary  to  cdnsider(  that  the  physical 

properties  of  the  disk- material  deteriorate  with  a  temperature 

increase  -  E,  o  ,  a  ,  cr  decrease  and  the  tendency  toward  plastic 
q  y  t  , 

flows  increases.  Thus,  the  material!  of  the  i turbine  disk  must 
resist  creep  and  fatigue  well  at  elevated  temperatures . 

i 


i 


Bending  stresses  and  torsion,  as  airule;  are  considerably  le^" 
than  the  others  and  a.re  not  usually  considered  in  stress  analysis 
of  disks.  1  '  i 

I 

.  i 

v 

^  I 

Disk  analysis  is  a  complicated,  statically  undeflnable  problem. 

t  i  ' 

!  i  : 

i 

There  are  three  forms5  of  stress  analysis  for  disk's. 

1  ,  !  ,  * 

1.  Determining  stresses  in  a  dlS'k  of  known  shapes  (check  : 

calculations). 

t  i 

2.  Plotting  the  disk  shapes  according  to  a  given  law  of  stress 

*  » 

distribution  ("disks  of  constant  strength").  ’  s 


!  i 


£39 


i 


i 


i 


i  •  I 


1  I 


3.  Determining  the  safety  factor  of  a  disk  based  on  destructive 
revolutions.  '  : 


We  make  the  'following  assumptions  in  disk  analysis: 

-  the  di'-  is  thin  and  its  thickness  varies  little  as  compared 

,  .  '  1  '1 

with  the  diame  r;  »  .  1 

-  the  'dis  i.s  circular  and  Symmetrical  relative1  to,  its  middle 

plarie;  !  ' 

.  1  I 

-  external  loads  (from  blades  on  outer  diameter  ar)d,  when  disk 

*  '  j  1 

is  pressed  to  shaft,  on  the  edge  of  the  internal  opening)  are 
distributed  .uniformly  along  the  thickness  of  the  disk  and  along  the  1 
circumference;  1  (  ,  '  1 

-  temperatures  are  distributed  uniformly  along' the  thickness 
and  the  circumference  qf  the  d,isk,  changing  only  alopg  the  radius. 


1  • 


1  1 


These 'assumptions  enable  us  to  assuine  that  in  the  disk  under 
the,  action  of  centrifugal  forces  and  from  nonuniform  heating  there 
arise  normal  stresses':  padial  and  .circular,  i,e.,.  the  disk  is 
located  in  biaxial  stress  (longitudinal  stresses  are  absent).  There 

*  >  I 

is  a  fully  defined  relationship  between  these  stresses,  which  is  1 
1  caused  by  the  possibility  of  elastic  deformation  of  the  disk  at  a 
given  point;  •  1  •  1  ( 


■  Basic. for  disk  analysis  are  the  equation  of  equilibrium  for  ,a 

‘rotating  disk,  and  the  equation  of  strain  compatibility,  whiph  make 

it  possible  to  determine  these’.stresses. 

1  1 

*  :  1 

Derivation  of  equations  ;  ' 

!  ; 
l  ' 

1  Let  us  first  examine  a  pold  (more  accurately,  uniformly,  heated) 
disk  loaded  by  centrifugal  forces.  To  derive  the  equation  of 

«  1  I  1 

equilibrium  let  us  distinguish  in  tfoe  disk  ah  elementary  volume  and  , 

1 

examine  the  condition  of  equilibrium  of  all  forces  acting  on  it 
(Fig.  3.31).  !  <  ’  • 


,\V 
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Fig-  3-31-  Disk  element  and  forces  acting  on  it  during 
rotation. 


■In  a  radial  direction  three  forces  act  on  the  element: 
centrifugal  force  applied  at  the  element's  center  of  gravity, 

dPc = dmr«yl=Qm'irihd?dr; 

the  force  applied  to  the  internal  surface  of  element  (on  radius  r) , 

dPr  —  3rrh(f?l 

the  force-  applied  to  the  external  surface  of  the  element  (on  radius 
r  +  dr), 

dP, — dP,  -~-d{dPr)~  ifhrfy  -J-  d  ( « 

^  3rrhdy  -f  d  (s,  rh)  dy. 

In  a  circular  direction  two  forces  dP^,  *  q ^  hdr  act  on  the  disk 
element.  , 

While  projecting  all  forces  onto  the  vertical  axis,  we. obtain 

dPc  --  dP'r -~dPt — 2dP?  sin~*==0. 
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u—t^r. 


(3.58) 


Let  us  differentiate  equality  (3.58)  with  respect  to  r: 


du  rf  /  v  ■ 

■— = — (t..r)~r — z,  4-  Eg, 
dr  dr  K  1  dr  ~  9 


Substituting  the  obtained  expression  from  (3*56),  we  arrive 
at  the  condition  of  strain  compatibility: 


1^4-e 

r  r  e?» 


dr  dr 


I-l, 


?  -r — 0. 


(3.59) 


In  order  to  introduce  into  equation  (3.59)  stresses  ar  and 
we  shall  use  the  dependence  of  strains  on  stresses  within  the 
limits  of  elasticity  for  a  biaxial  stressed  state  (generalized 
Hook's  law): 


V  “  •  J  ('r  ~  JWf);  *5  =  y  (3?  !A3r)« 


(3.60) 


when  u  is  the  Poisson's  coefficient. 

The  equation  (3.60)  is  valid  for  cold  or  uniformly  heated  disks 
(for  the  equation  for  nonuniform  heating  see  below). 


Substituting  the  relationship  (3*60)  into  (3.59),  we  obtain 
the  condition  of  strain  compatibility  expressed  through  stresses: 


(3.61) 


Iff 

dr 


dsr 


dr 


Thus,  in  order  to  determine  the  radial  and  circular  stresses 
in  a  disk  we  derived  a  system  of  two  differential  equations  (3.55) 
and  (3.61) 


System  of  equations  (3.55)  and  (3.61)  can  be  replaced  by  one 
differential  equation  of  the  second  order  relative  to  displacement  u. 
For  this  we  solve  a  system  of  equations  (3.60)  relative  to  or  and 
Oqj  with  equalities  (3-56)  and  (3*57)  taken  into  account: 


(3.62) 


If  we  substitute  equalities  (3.62)  into  (3.55)  we  obtain  a 
differential  equation  of  the  second  order  relative  to  u: 


/_L  4./JL  d± _ L\  JL^-LzJHiCr 

dr 3  \  h  dr  '  r  J  dr  \  h  dr  J  J  r  E 

where 


(3.63) 


C=cw2.  (3.64) 

If  we  can  obtain  a  solution  to  equation  (3*63)  relative  to  the 
radial  displacement  of  u  for  a  disk  of  any  shape  (defined  by  function  « 

h  =  h(r)),  then  stresses  or  and  are  determined  from  expressions 
(3.62). 

i 

Thus,  stresses  in  a  rotating  disk  can  be  obtained  either 
directly  from  equations  (3*55)  and  (3.61)  or  from  expressions  (3.62) 
after  determining  u  from  equation  (3.63). 
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Prom  the  theory  of  differential  equations  we  know  that  the 

solution  to  equation  (3.63)  for  a  disk  of  arbitrary  shape  can  be 
written  in  the  form 


//=.l<fi(r) +B(fa(r) +Cq>3(r)t  (3.65)  ; 

t 

where  <p^(r)  and  ^(r)  are  particular  solutions  of  a  homogeneous 

equation  corresponding  to  equation  (3.63)  [i.e.,  equation  (3.63)  i 

without  the  right  side]; 

^(r)  is  a  particular  solution  to  equation  (3.63)  (i.e.}  equation  j 

with  the  right  side); 

A  and  B  are  integration  constants  determined  from  the  boundary 
conditions. 

Coefficient  C  is  taken  from  expression  (3.6*0.  i 

! 

I 


Fig.  3-33.  Shapes  of  the  radial  cross  section  of  disks: 
a  -  disk  of  constant  thickness;  b  -  hyperbolic  disk; 
c  -  conical  disk. 

However,  equation  (3-63)  can  be  integrated  in  the  elementary 
functions  only  for  certain  particular  cases,  for  example,  for  a  disk 
of  constant  thickness  (h  «  const),  for  hyperbolic  disks,  and  certain 
others . 
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For  conical  disks  equation  (3.63)  is  integrated  in  hypergeometric 
functions  (in  the  form  of  infinite  converging  series).  Turbine  disks 
virtually  always  consist  of  separate  sections  with  different  shapes. 
With  sufficient  accuracy,  the  separate  sections  of  disks  can  be 
reduced  to  shapes  of  the  following  types. 

1.  Disks  of  constant  thickness  (Fig.  3.33a)  h  =  const. 

2.  Hyperbolic  disks;  the  cross  section  of  the  disk  is  bounded 
by  hyperbolas  of  any  order  (Fig.  3.33b).  The  thickness  of  such  a 
disk  changes  according  to  the  following  law 


where  a  is  a  constant;  m  is  the  exponent;  D  is  the  current  diameter. 

The  values  of  coefficient  a  and  exponent  m  can  be  determined 
for  a  curvolinear  disk  shape  from  the  condition  that  the  curve 
pass  through  any  two  points  on  the  profile  with  known  dimensions. 
Thus,  if  h1,  and  D2,  h2  are  given,  then 


hence,  taking  the  logarithm  of  this  expression,  we  find 


It  is  obvious  that  a  disk  of  constant  thickness  can  be  considered  a 
particular  case  of  hyperbolic  disk  when  m  =  0. 
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3.  Conical  disks:  the  cross  section  of  such  a  disk  is  a  , 

trapezoid  (Pig.  3.33c).  The  thickness  of  the  disk  varies  according 
to  law  '  '  1 

■  ■  ■  ' 

1  '  !  vi 

where  d  is  the  diameter  of  the  "complete"  c,one; 

i  i 

.  d=D,+-X-(D,-p,). 

hx—hi 

As  an  example.  Fig.  3.3h  presents  a  schematic  representation  of, 
a  typical  disk  for  a  turbine  rotor.  The  disk  can  be  broken  down; 
into  three  sections:  Section  I  is  of  constant' thickness ;  'Section  II 
is  conical;  Section  III  is  of  constant  thickness.  1  1 

Pig.  3-3^.  Schematic  represen 
tation  of  the  cross  section  of 
a  turbine  disk. 


In  similar  disks  consisting  of  several  sections,  stresses  are 

determined  separately  in  each  section;  during  the  transition  from 

section  to  section  their  coupling  conditions  are  used.  ( 

»  •  ; 

i  1 

Let  examine  the  method  of  determining  stresses  in  rotating 
disks  of  arbitrary  shape  individually  for  each  of  three  basic  types: 
constant  thickness,  hyperbolic,  avid  conical. 

i 

bisks  of  constant  thickness  can  be  considered  a  particular  case 
of  a  hyperbolic  disk  (when  m  =  01) ;  therefore,  we  shall  not  ipause 
especially  on  them. 


29,7 


i 


Hyperbolic 'disks.  .  If  the  thickness  ofj  such  a  :  disk  h  =  a/(D/2)m 
is.  substituted  into  equation  (3.63),  the  solution  for  u  is  obtained 
in  the  form  (3.65),  whereup-'on,  in  l^his  case*,  particular  solutions 

•  i  « 

qj  1 ,  <f>2>  and  93  ar®  elementary  functions.,  : 

'  | 

The  equations  for  stresses  ar  and  can  be  obtained  from 
formulas  (3.62)  after1  s Jbstituting  in  them  the  solutions  for  u: 

!  :  i 


zr.  —  P.\A  UrB  4"  Pel  *  j  :r (Ih^  “l* (JcI  '•  ''  (3.66) 


where  p  and  q  are  coefficients  depending  on  the  geometric  dimensions 
of  the,disk  cross  sectioh  (including  exponent  m) ,  on  the  characteristics 
of  the  disk  material  (E;  p;  p),  on  the  angular  velocity  of  disk 


dotation  and  the  present i functions  of  the  diameter  (or  radius),  on 
which  stresses  are  being  defined; 

>  i  1 

,A  and  B  are  the  integration  constants; 


i 


i 


r=cf. 


'  D.uring  practical  Analyses  ’of  disks  consisting  of  several  sections, 

.  the  stresses  or  and  .Oq,  on  the  current  diameter  D  are  expressed  in 
terms  of  the  khown  stresses  orl  and  on  the  initial  diameter  D-^ 
Such  formulas  can  be  obtained  from  formulas  (3.66)'  if  we  determine 
the  constants  A  and  B  from  the  following  conditions:  when  0  =  0^^ 

1  or  =  apl;  Oq,  =  c^,  and  then  again  substitute  therfi  into  formulas 
(3-66).  The  results  are  written  i'n  the  following  form: 

i  . 

'  i  '  • 

a<f — ?rJn ~f-  fan 4- , »  I  (3.67) 

1  ■  1 

:  wher^  ap;  a^;  ac;  Br;  Bq,;  Bc  a,re  the  coefficients  which  for  hyperbolic 

disks  represent  lengthy  algebraic  expressions.. 


1 


29.8 


1 


These  coefficients  are  conveniently  determined  according  to 

special  nomograms  depending  upon  the  arguments  x  =  D-^/D  and  , 
z  =  h/h,  (see  Fig.  3. 33b). 

A  * 

We  should  note  that  coefficients  a^,  and  3q  have  a  linear  dependence 
on  the  density  of  disk  material.  Graphs  for  ct ^  and  3C  are  p Lotted  ■ 
for  steel  disks.  In  analyzing  disks  of  other  material  the  coefficient 
ac  and  3C,  determined  from  the  graphs,  must  be  multiplied  by  the 
ratio  p/p  where  p  is  the  density  of  the  disk  material  and  p 

CT  CT 

is  the  density  of  the  steel. 

Coefficient  T  in  formulas  (3.67)  is  equal  to 


where  D  is  the  diameter  on  which  stresses  are  determined,  mm; 

n  is  the  disk  rpm. 

If  n  =  0,  the  third  terms  on  the  right  side  of  formula  (3.67) 
disappear  and  we  obtain  expressions  for  stresses  in  a  nonrotating 
disk  loaded  on  the  boundaries  by  external  forces. 

Graphs  for  determining  the  coefficients  a  and  3  for  hyperbolic 
disks  are  given  in  Figs.  3. 35-3.  *10. 

For  disks  of  constant  thickness  (m  =  0;  z  =  1)  the  graph  of 
coefficients  a  and  3  are  given  separately  as  a  function  of  one 
argument  x  =  D^/D  (Fig.  3*^1) • 

Conical  disks.  The  equation  (3.63)  for  conical  disks  is  transformed 
into  a  hypergeometric  differential  equation  whose  solution  is  given 
i;?  the  form  of  infinite  series  and,  for  practical  use,  can  be  repre¬ 
sented  only  in  the  form  of  a  nomogram  or  numerical  tables. 


Pig.  3.36.  Nomogram  for  determining  the  coefficient  in 
designing  hyperbolic  disks. 

KEY:  (1)  Note. 


HpuMeuaHue : 


u,uo  C/,7  </, »  U'i  u/(  0,5  0,6  0,1  0,8  0,0  z 

Pig.  3.1J0.  Nomogram  for  determining  the  coefficient  in 
designing  hyperbolic  disks. 

KEY:  (1)  Note. 


K? 


fg. 


Fig.  3.^1.  Nomogram  for  determining  coefficients  in  designing 
disks  of  constant  thickness. 
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The  solution  can  be  written  in  the  form  (3.66)  or  with  transforma¬ 
tion  it  can  be  similar  for  hyperbolic  disks,  in  the  form  of  (3.67): 


V=«r»,i+<Vn+«I.7* 

°9 — ?r*rt  +  +  Pc  ?i' 


(3.67") 


Coefficients  a  and  3,  as  for  hyperbolic  disks,  depend  on  the  geometric 
form,  the  disk  material,  and  diameters  D  and  D^.  Numerical  values 
of  the  coefficients  are  given  in  the  form  of  nomograms  where  they 
are  determined  as  a  function  of  two  arguments: 


/•==—  and  t=r—y  (see  Pig.  3.33c). 

d  « 

Graphs  for  determining  coefficients  a  and  3  for  conical  disks  are 
illustrated  in  Figs.  3- 42-3. ^7*  If  the  disks  are  not  made  of  steel, 
coefficients  a'  and  3/,»  as  for  hyperbolic  disks,  must  be  multiplied 
by  the  ratio  p/pct-  In  formulas  (3.67')  Td  *  (dn/10  )  ,  where 
d  is  the  diameter  of  the  complete  cone  in  mm. 

In  analyzing  disks  of  hyperbolic  and  conic  shapes  we  must  assume 
that  in  the  center  of  a  disk  without  openings  up  to  a  certain 
diameter  D  <  DQ  the  thickness  of  the  disk  is  constant  (which  usually 
is  the  case).  Coefficients  a  and  3  for  hyperbolic  and  conic  disks 
are  given  for  the  arguments  x  =  (D1)/(D)  >_  0.01  and  t^  =  (D1)/(d)  > 
0.01. 


Boundary  conditions 

For  disk  analysis  differential  equations  of  the  second  order 
were  obtained.  Therefore,  in  order  to  compute  stresses  we  must 
have  at  least  two  boundary  conditions. 
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Let  us  examine  two  cases:  a  disk  without  a  central  opening  (solid 
disk)  and  a  disk  with  a  central  opening. 

Solid  disk.  1.  The  first  boundary  condition  will  be  the  equality 
of  the  radial  and  circular  stresses  in  the  center  of  the  disk  because 
of  the  symmetry  of  the  load,  i.e.,  when  r  =  0  or0  =  cr^. 

2.  The  second  boundary  condition  will  be  that  stress  '.s  known 
on  the  outer  radius  of  the  disk,  i.e.,  when  r  =  R0: 

a)  o  *  0  if  the  disk  does  not  have  a  blade  and  is  loaded 

I1  B 

only  with  forces  of  inertia  of  the  mass  itself; 

b)  a  -  o  if  on  the  crown  of  the  disk  blades  are  attached. 

'  re  rji 

Uniformly  distributed  load  from  centrifugal  forces  of  blades  orn 
acting  on  the  cylindrical  surface  on  radius  R  (Fig.  3.^8)  can  be 

B 

determined  from  formula 


_  Pj,  />?  4-  2  iQffottg 

r,~  2  ■>/?„*„  ”  2a/?,*, 


(3.68) 


where  a  is  the  stress  in  the  blade  root  from  centrifugal  forces; 

Fu  is  the  area  of  the  blade  root  cross  section; 

z  is  the  number  of  blades; 

F2  is  the  cross-sectional  area  of  the  disk  crown  joint  in  a 
plane  passing  through  the  axis  of  rotation; 

F-j^  is  the  cross-sectional  area  of  the  transitional  part  of  the 
blade  from  the  foil  to  the  joint  also  in  a  plane  passing  through  the 
axis  of  rotation; 

r-^  and  r2  are  the  radii  of  the  centers  of  gravity  of  areas  F-^ 
and  F2,  respectively. 


Pig.  3.42.  Nomogram  for  determining  coefficient  in  designing 
conical  disks. 

KEY:  (1)  Note:  diameter  of  full  cone. 


i  ^  0,5  47  0,0  0,0  1ft  t 


Pig*  3* ^3.  Nomogram  for  determining  coefficient  in  designing 
conical  disks. 

KEY:  (1)  Note:  diameter  of  full  cone. 


310 


-of  c 
100 


80 

60 

40 

20 


■ 

fl 

m 

■ 

■ 

■ 

B 

a 

■ 

■ 

■ 

fl 

■ 

■ 

■ 

■■■ 

■ 

B 

■ 

b 

m 

B 

m 

aa 

mmKwMk 

0,1  0,2  0,3  0,4  0,5 


0.7  0.8  0,9  t 


•»  .(1) 

flpuMeMHue: 
JOuaMemp  poohozo  xonyca 


340. 


.1 

• 

i 1 

t 

'  £ 

A 

— i — i — : — ! — 

.  0,5 


0,6 


0,7 


Fig.  3.M,  Momogram  for  determining  coefficient  in 
designing  conical  disks. 

KEY:  (1)  Note:  diameter  of  full  cone. 
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Pig.  3.,J*5.  Nomogram  for  determining  coefficient  in 
designing  conical  d'isks. 

KEY:  (1)  Note:  diameter  of  full  cone. 


Pig.  3*^7.  Nomogram  for  determining  coefficient  in  designing 
conical  disks. 

KEY:  (1)  Note:  diameter  of  full  cone. 


Fig.  Determining  the  Fig.  Boundary  conditions 

intensity  of  centrifugal  forces  for  a  disk  with  a  central  opening, 
on  the  outer  radius. 

If  the  blades  are  made  together  with  the  disk  or  are  soldered 
(welded),  the  last  two  terms  and  expression  (3-68)  will  be  absent 
and  radius  RQ  can  be  taken  as  the  radius  of  the  blade  root.  The  load 
from  the  blades  is  applied  cdnditionally  to  the  cylindrical  surface 
on  a  radius  corresponding  to  the  point  of  intersection  of  the  middle 
plane  of  the  disk  with  the  internal  loop  of  the  circulatory  part. 

A  disk  with  a  central  opening  (Fig.  3*^9)-  1.  The  first 

boundary  condition  when  r  =  Ra: 

a)  cra  =  0  if  the  disk  has  a  free  opening; 

b)  o  =  -p  if  the  disk  is  fitted  to  the  shaft  with  tension. 

ra 

External  load  p  is  taken  with  a  minus  sign  since  it  causes 
compressive  stresses  at  the  spot  where  the  disk  is  fitted, 

2.  The  second  boundary  condition,  as  in  a  disk  with  a  central 
opening,  when  r  =  Rq : 
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a)  0r,D  “  0  if  the  disk  does  not  bear  a  load  on  the  external  radius 

x  0 

b)  cr  =  a  n  if  blades  are  attached  on  the  disk  crown. 

ra  r/i 


Allowing  for  nonuniform  disk  heating 
(determining  thermal  stresses) 


In  turbine  operation  heat  flux  is  propagated  from  blades  through 
the  joints  to  the  disk,  and  in  the  disk  from  the  crown  to  the  hub. 
Thus,  disk  temperature  rises  along  the  radius  from  the  center  to  the 
crown.  Due  to  this,  thermal  stresses  appear  in  the  disk,  which 
can  be  of  the  same  order  of  magnitude  as  the  stresses  from  centrifugal 
forces,  and  they  must  be  taken  into  account. 

Thermal  stresses  can  be  determined  separately  for  nonrotating 
disks  and  then  algebraically  added  with  the  stresses  from  centrifugal 
forces. 

In  order  to  avoid  high  thermal  stresses,  the  disk  material  must 
have  the  smallest  possible  coefficient  of  linear  expansion  (thermal 
strain  will  be  less)  and  considerable  heat  conductivity  (temperature 
gradient  along  the  disk  radius  will  be  less).  The  disk  material 
must  have  the  appropriate  mechanical  properties  with  allowance  for 
their  reduction  at  high  temperatures.  5  ' 

In  our  analysis  we  shall  assume  that  the  temperature  in  the 
disk  changes  only  along  the  radius  (on  a  given  radius  we  shall  assume 
the  temperature  is  constant  throughout  the  " hickness). 

The  modulus  of  elasticity  E  and  the  coefficient  of  linear 
expansion  «  will  be  considered  constant  within  each  of  the  sections 
in  which  the  disk  is  divided  during  analysis. 

The  equation  of  equilibrium  for  a  nonrotating  disk  Is  obtained 

? 

from  equation  (3.55)  if  we  assume  C  =  pw  =0: 


d(ofrh) 

dr 


i-Th  —  0. 


(3.69) 
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The  generalized  Hook's  law  (for  elastic  strength)  with  allowance, 
for  thermal  deformation  will  have  the  form  ,  * 


ir  — -  ■—  (3,  — H'p)  -f  <if\  -r=“(v-F,)-r-^i 


(3-70) 


where  a  is  the  coefficient  of  linear  expansion  for  thfe  disk  material; 
t  is  the  temperature.  , 

On  the  other  hand,  according  to  equalities  (3.56)  and  (3.-57) 
relative  strains  er  =  du/dr;  =  u/r.  Allowing  for  this,  we  shall 
express  in  formulas  (3*70)  stresses  or  and  in  terms  pf  displacement 
of  u  [analogously  to  formulas  (3.62)]:  , 


5'==r^[^+!‘7“a/('+::l]i 


(3.7D 


The  substitution  of ‘these  expressipns  into  th,e|  equation  of 
equilibrium  (3.69)  gives  a  differential' equation  of 'the  second  prder 

•  »  I 

relative  to  the  radial  displacement  of  u  (analogously  to  equation 
(3-63):  .  ’  ’ 


dlu  f  \  dh  i  ’■  1  \  du  :  i  /  dfi  1  \  «  _  ' 

dr'^\h  dr'r)dr'\hdr  ■  r  )  r  . 
f  J_  dk_ 

\  h  dr 


v  \  /  1  dh  1  d*\ 

=a/(l  -fn-)  (  —  • 


(3.72) 


Equation  (3.72)  differs  from  equation  (3.63)  only  in  the  right1  side. 
Consequently,  its  solution  will  be  similar  -to  (3.65): 


£%‘(r)+/(/,  r). 


(3.73) 
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Substituting  this  solution  into  equation  (3*71))  we  can  find 


ar  and 


In  order  to  determine  thermal  stresses  the  disk  is  divided  into 

'  .  ,  i 

■sections  with  simple  shape.  Analysis  is  carried  out  through  the 

i  , 

known  stresses  and  on  initial  diamete^  ^  from  formulas  . 


similar  to  formulas  (3*67)  and  (3.67'): 

I  I  ,  i  '  . 


!r=Vri  +«?*n  +at  (£<4pA/;  | 

~  ~T  (£«)cpA/.  !  i 


(3.74) 


Here  coefficients  ar,  a^;  if$r,  and  B<p  are  the  same  as  im  formulas  1 

( 3 •.  67 )  and  (3^67* )  an&  are  determined:  from  the  corresponding 

*  .  ,  ,  1 

nomograms  for  disks  of  the  thVee  dbove  types  (constant  thickness, 
hyperbolic,  and  conical).  '  , 

'  '  . 

Coefficients  <*t  and, 3t  are  determined  from  nomograms  as  a 

function  of  arguments:  x  =  (D1)/(D)  and  z  =  (h)/(h-L)  for  hyperbolic 

-disks  (Figs.  3. 50,1  3,51)'  and  ='  (D1)/(d)i  and  t  =  (D)/(d)  for 

conical  disks  OFigs.  3.52,  3*53).  For  disks  of  constant  thickness 
i  •  J  1 

coefficients  and  6,  are  determined  from  nomograms  for  hyperbolic 

disks  (when  z  *  1).  11  1  ! 

.1  •  '1 

1 

In  order  to  calculate  thermal  stresses  it  is  necessary  to 
1  «  1  .  , 

assign  the  law  of  temperature  variation  along  the  radius  (graphically 

.  ,1 

or  analytically).'  In  the  i^ough  calculations  the  law  of  temperature 

*  »  I 

variation  along  the  radius  can  be  expressed  by  dependence 


(3.75) 


1  ,  i 

where  tn  and  t  are  the  temperatures  in  the  center  and  on  the  outer 
0  ‘ 

radius  Rg  of  the  disk;  • 


r  is  the  current  radius; 
m^  is  the  exponent ^  =  2-3. 
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Pig-  3-51.  Nomogram  for  determining  coefficient 
in  designing  hyperbolic  disks. 

*  > 

lhe  values  of  E  and  a  are  taken  as  average  on  a  given  section 
of  the  disk  or  corresponding  to  the  averaged  temperature  on  the 
given  section. 


Boundary  conditions 


Disk  without  a  central  opening: 

a)  when  r  =-  0  orQ  = 

b)  when  r  =  Rq  orQ=  0  (since  the  disk  is  not  rotating). 

A  disk  with  a  central  opening: 

r  “  Ra  "ra  =  0  °r  °ra  "  'P! 

r  =  yre  =  0  (since  the  disk  is  not  rotating). 


a)  when 

b)  when 
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Fig.  3.52.  Nomogram  for  determining  coefficient  in  designing 
conical  disks. 

KEY:  (1)  Note:  diameter  of  full  cone. 


Fig.  3.53.  Nomogram  for  determining  coefficient  in  designing 
conical  disks. 

KEY:  (1)  Note:  diameter  of  full  cone. 


!  Determining  stresses  with  sharp  variation 

I  in  disk  thickness 

s 

1  In  a  number  of  cases  the  thickness  of  the  disks  changes  sharply 

«,  with  a  small  change  in  the  radius  (transition  from  the  strip  of  the 

!disk  to  the  hub  or  the  crown).  Let  us  find  the  ratio  of  stresses 

or  and  at  the  site  of  the  abrupt  variation  in  thickness  (Pig.  3*5*0. 


Let  the  stresses  be  equal  to  orl  and  0^  on  the  diameter  for 
the  part  of  the  disk  with  thickness  h^  Average  temperature  of  this 
part  of  the  disk  is  tlc  and> corresponding  to  this  temperature,  the 
modulus  of  elasticity  and  the  coefficient  of  linear  expansion  are 
^lcp  an<*  alcp*  Accordingly,  for  a  disk  with  thickness  h^  on  this 
same  diameter  the  stresses  will  be  and  0*^,  the  average  temperature 
of  the  section  of  the  disk  with  a  diameter  greater  than  will  be 
t#  ,  and  the  modulus  of  elasticity  and  coefficient  of  linear 
expansion  will  be  E|cp  and  a*cp. 

Prom  the  condition  of  the  equality  of  radial  Internal  forces 
on  diameter  we  obtain 

hence 


(3.76) 


Fig.  3 - 5^ •  Determining 

stresses  in  a  disk  with  an  abrupt 
change  in  thickness. 
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The  expression  for  c*  is  obtained  from  the  condition  of 
equality  of  radial  displacements  of  u  on  diameter  for  both 
sections  of  the  disk;  according  to  formulas  (3.57)  and  (3.70) 


on  the  basis  of  these  formulas  we  can  write 


Method  of  two  analyses 

Stresses  for  a  disk  of  arbitrary  shape  can  be  computed  [see 
system  of  equations  ( 3. 62)  ]  according  to  formulas  obtained  for  the 
appropriate  section  shape.  For  each  section  we  have  two  boundary 
conditions:  On  the  internal  and  external  radii  of  the  disk  section 
and  the  adjoint  conditions  at  the  junction  site  of  the  two 
neighboring  sections.  In  view  of  the  fact  that  it  can  be  very 
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difficult  to  solve  the  systems  of  equations  necessary  for  determining 
the  arbitrary  constants  by  this  method,  the  stresses  in  the  disk  , 
will  be  calculated  by  the  method  of  two  analyses.'  < 

In  the  first  analysis  stresses  in  a  rotating  disk, are  calculated. 
Calculation  can  follow  two  paths  -  from  the  inner  radius  to  the 
outer  (from  bushing  to  crown)  or  the  reverse.  Let  us  consider  the  ( 
first  path.  !  . 

If  the  disk  is  solid  (without,  a  central  hole),  then  they  ar.e 
assigned  arbitrarily  by  the  stress  in  the  centei  of  the  disk. 

According  to  the  first  boundary  condition  (one  prime  . 

means  that  the  stresses  belong  to  the  first  analysis,) . 

! 

If  the  disk  has  a  central  opening,  then  they  are  assigned 

arbitrarily  by  the  circular  stress  on  the  edge  of  the'  opening,  i.e., 

\  .  1 

o’  .  The  radial  stress  from  the  edge  of  the  opening  is  known  from  i 
(pa. 

the  boundary  conditions.  ,  .  . 

With  the  aid  of  formulas  (3.67),  ( 3 •  67 '  ^ ,  (3.76),  and  ( !3 •  7 7 ) , 
stresses  in  a  disk  up  to  the  stresses  on  its  outer  radius  , 

a^B  and  o^q  are  determined  successfully jaceording -to  sections.  , 
Obviously,  stresses  on  the  outer  radius  will  not  satisfy  the  second 
boundary  condition,  i.e.,  o^Q  f  or0  =  °vn>  since  stresses  in  the 
center  of  the  disk  (or  on  the  edge  of  the  opening)  will  be  arbitrary. 

i 

The  second  analysis  is  performed  for  a  nonrotating  disk  (n!«  0). 

i 

Similarly  to  the  first  analysis  they  are  assigned  arbitrarily  by  the 
stresses  in  the  center  of  the  disk  a£Q  =  o|p0  (or  a^a  for  a  ’disk  witlj 
an  opening).  Since  n  =  0,  the  last  terms  in  equa-tions  (3.67)  and 
(3.67’)  will  be  equal  to  zero  (two  primes  indicate  that  the  stresses 
belong  to  the  second  analysis).  .  ,  ! 

In  this  analysis  stresses  on  the  boundaries  of  all  sections  up 

to  the  outer  radius  of  the  disk  are  determined.  The  obtained  stresses 

a"  and  a"  will  also  not  satisfy  the  second  boundary  condition, 
re  cp  b  } 
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*  The' actual  stresses  on  the  boundaries  of  all  sections  can  be 
found  from  formulas 


=  kzf\  =?  =  ^4-  kC 


(3.78) 


' The.  constant  coefficient  k  in  formula  (3*78)  is  determined  from  the 

conditions  that  radial  stress  a  „  =  cr  on  the  outer  diameter  is 
•  rs  r/i 

known  (second  boundary  condition).  Actually,  radial  stress 
Inequalities', (3. 78),  corresponding  to  the  external  radius  of  the  disk, 
is 

:  3r  «==3r  .-i  - 


hence  ; 


“r*  “~°r  n 


(3.79) 


After  determining  coefficient  k  from  formulas  \(i.78)  we  find 

i  '  1 

the  actual  stresses  on  the  boundaries  of  all  sections. 

■! 

! 

The  method  of  two1  analyses  is  based  on  the  property  of  linear 
differential ( equations  according  to-  which  after  adding  to  the 
solution  of  a-  nonhomogeneous  equation  any  solution  to  a  corresponding 
homogeneous  equation  vor'a  quantity  which  is  a  multiple  of  this 
solution),  we  obtain  the  new  solution  to'  the  nonhomogeneous  equation. 


1  In  orjder  t6  determine  stresses  in  a  disk  by  the  method  of  two 
analyses,  it  is  advisable  to  use  a  table  (see  example  3.2). 


t  ; 

(  To  determine  thermal  stresses  the  disk  is  'analyzed  according  to 
the  method  of  two  analyses  just  as  in  the  determination  of  stresses 
from  centrifugal  forpes.'  However,  in  the  second  analysis  we  should 
assum'e  the  particular  solution  to  the  equation  (3.72)  is  equal  to  zero. 

I  ! 

,  1 
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In  practice  this  indicates  that  At  in  equations  (3.7*0  will  be  zerc 

In  the  second  analysis,  if  the  thickness  of  the  disk  changes  abruptly, 
stresses  at  the  transition  spot  should  be  calculated  from  formulas 
(3.76)  and  (3.77).  To  determine  stresses  only  from  centrifugal  forces 
at  the  site  of  the  abrupt  thickness  change,  instead  of  formula  (3.77 \ 
we  should  use  formula  (3.77*). 

Total  stresses  are  found  as  the  algebraic  sum  of  stresses  from 
centrifugal  forces  and  from  nonuniform  heating  on  the  boundaries  of 
each  section. 

The  stressed  state  of  a  disk  is  evaluated  from  the  equivalent 
stresses  a  .  According  to  the  third  strength  theory  (the  theory  of 
the  highest  deformation  energy),  equivalent  stress  is  defined  as  the 
criterion  for  the  beginning  of  viscosity.  For  the  biaxial  stressed 
state 


t 


I 


33X.=  |^3r  +  3?"*‘3'3?- 


(3.80) 


Example  3.2.  Determined  stresses  in  a 'disk  of  4Khl2N8G8MFB 
El 48 1 )  .steel.  Dimensions  of  the  disk  are  given  in  Tablj  3.2. 

Given:  n  =  11,200  r/min  (u  =  1,170  rad/s);  p  =  7.87'10^  kg/rr.^; 
arn  =  1,*100  daN/cm2;  p  =  0.3. 

The  disk  is  broken  down  into  four  sections.  Using  Figures 
3 .  *1 1— 3.^7,  3.50,  3.51,  we  find  coefficients  a  and  8  and  enter  them 
in  Table  3.2.  We  determine  the  values  of  T  and  T^. 

The  temperature  of  the  disk  is  taken  from  Fig.  3.55  and  we 
find  its  average  value  for  each  section.  The  values  of  E  and  a 
correspond  to  the  average  temperatures  in  each  section. 


1 


Analysis  of  the  disk  using  the  two  calculation  method  is 
presented  in  Table  3.3.  In  the  first  calculation  stresses  in  the  center 
of  the  disk  are  given  as  a^Q  =  a^Q  =  2000  daN/cm2  and  in  the  second 
calculation  a^Q  =  a£Q  =  100  daN/cm2.  Figure  3.55  gives  graphs 
showing  the  variation  in  stresses  ar  and  along  the  radius  of 
the  disk. 


KEY:  (1)  daN/cm2. 

Stress  analysis  of  disks  by  the  integral 
method 

The  earlier  examined  method  of  analyzing  disks  is  the  most 
accurate.  However,  nomograms  for  determining  coefficients  a  and 
3  are  plotted  only  for  one  value  of  the  Poisson  coefficient  u  =  0.3 
while  its  value  in  the  temperature  range  of  the  turbine  disk  can 
vary  from  0.3  to  OJl  (maximum  possible  value  of  the  Poisson  coefficient 
with  plastic  flow  is  umax  =  0.5)* 

Although  the  effect  of  y  on  the  value  of  stresses  is  not  very 
great,  nevertheless  sometimes  it  is  necessary  to  calculate  for  the 
values  of  u  /  0.3,  for  example,  when  analyzing  a  disk  with  allowance 
for  plastic  flows  (see  below). 
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Widely  used  methods  are  those  based  on  the  solution  of  integral 
equations  of  equilibrium  and  strain  compatibility.  Let  us  examine 
one  of  these  methods  developed  by  R.  S.  Kanasochvili  [17]. 

Boundary  conditions  for  disks  are  assumed  the  same,  i.e.,  when 
r  =  R0  arQ  =  o  ;  when  r  =  0  (disks  without  a  central  opening) 
ar0  =  °q>o a  when  r  *  Ra  with  a  central  opening)  ora  =  0  (opening 

is  free  of  load)  or  a  *  -P  (disk  is  fit  into  shaft  with  tension). 

Ta 

Using  equality 


1 1  hr df )  ss  ci  (o,//)  rd<j>  -j-  erhdrd% 


we  shall  transform  the  equation  of  equilibrium  (3.55): 


JL  —  («,/*)  + a, -«f+Gw2^=0. 

h  dr  1 


(3.81) 


For  the  equation  (3.8l)  relative  to  or  with  boundary  conditions 
taken  into  account  we  obtain  the  equation  of  equilibrium  in  the 


3,  =  I  \  (3?  -  3, )  dr  -  ^  QftPrhdr  -f  3/A  . 


(3.82) 


The  equation  of  strain  compatibility  is  obtained  in  the  follow¬ 
ing  manner.  Let  us  examine  the  sum  Allowing  for 

equalities  (3.56)  and  (3*58), 


1^9-K  =  !AS?-f^r(E5r)- 


Substituting  the  value  of  e<p  from  equalities  (3*70),  we  obtain 


H(V~I t  g  j  r(g9-trtr  +  g«0"\ 
£r“  E  ^drK  E  t 


On  the  other  hand,  substituting  the  values  of  er  and  from 
equalities  (3*70),  we  obtain 


Solving  the  last  equation  relative  to  ,  we  obtain  .the 
equation  of  strain  compatibility 


=,==,-(1  -rt  v£W- + 

r  f!  c 


.  n  +h)£  f  ,  j,  £ 

r  —J+T~  \  r'<*Mr  +  A— 


(3.811) 


Here 


(sra  v-'ra  T"  ^aaJa)- 


(3.85) 


From  a  system  of  two  integral  equations  (3.82)  and  (3.811)  stresses 
ar  and  are  determined  by  the  method  of  successive  approximations. 
Let  us  show  the  procedure  for  these  calculations. 

To  determine  the  first  approximation  of  or  we  assume  in  equation 
(3.811)  (or)/(E)  =  const.  Then  the  equation  (3- 8*1)  is  easily 
integrated  and  becomes 


r  r,Qtdr  _  £a/4_  b  _£  ^ 

•I  r*  • 

A  » 


(3.86) 


v/here  B  is  the  new  integration  constant. 

After  we  substitute  from  equation  (3.86)  the  approximate  value 
of  difference  -  or)  into  the  equation  of  equilibrium  (3.82), 
we  find  the  first  approximation  for  ar: 


3r,  =  -L  j"  I  0 JhP). E  ^  r»atdr —  £a/j  dr  —  Qot  J  rhdr- j- 
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(3.87) 


dr  j  haora 


For  a  disk  with  a  central  opening  a  „  is  known.  Constant  B 

Fa 

is  determined  from  the  known  load  on  the  outer  loop  (when  r  =  R0 

V  ■  'm1' 

For  a  solid  disk,  in  order  not  to  pass  to  the  limit  when  r  =  0, 
we  assume  that  up  to  a  certain  small  value  of  r  =  FL  the  equality 

Cl 

o  *  o„  is  preserved  (usually,  in  this  case,  we  assume  R  =  0.1R  ). 

1*3.  <pa  a,  B 

Then  from  equation  (3*86)  we  obtain 


B=R'a+\ttt.  (3.88) 

In  equation  (3.86)  there  remains  one  unknown  quantity  ora,  which 
is  determined  from  the  known  load  on  the  outer  loop. 

Usually  no  less  than  two  approximations  are  made  for  or  in  order 
to  assure  the  accuracy  of  the  obtained  results,  especially  as  the 
determination  of  ar2  does  not  require  a  large  amount  of  computation. 

Without  making  the  first  approximation  of  c(p1,  we  immediately 
determine  o^.  From  equality  (3.8*0  we  find  the  difference 
(o^l  -  arl)  after  the  substitution  into  this  equality  of  the  value 
of  orl: 


=  r»atdr-Eat-( l-n)arI-f 

*a 


|  0-H»)g 

1  “l+ii  ' 


r 


r»vri 


dr  -j-  A 


E 


(3.89) 
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Substituting  the  difference  (cr^  -  arl)  into  equation  (3-82),  we 
obtain  the  second  approximation  for  <?r: 


The  constant  A  for  a  disk  with  an  opening  is  determined  from  the 
equation  (3-90)  with  a  known  load  on  the  outer  loop.  For  a  disk 
with  a  central  opening  when  r  =  Ra  ora  =  o  and  according  to 
formula  (3.85) 


[(l-a)5ra-f£aaflg. 


(3.9D 


Substituting  this  value  of  A  into  equation  (3-90),  we  determine 
°ra  and  then  a11  fche  other  values  of  or2.  After  determining  ap2 
(and  if  this  approximation  is  sufficient)  we  find  the  values  of 
from  equation  (3*89): 


f 

s .2  3,o  -f-  ^  r^ufilr  ~  Eut  -  0  -  ?)  Jr 


4.(b^[^L,/r4 
r,+“  J 


(3.92) 


For  a  solid  disk  the  determination  of  o^,,  should  begin  with 
r  =  Ra  and  instead  of  the  constant  A,  we  should  substitute  its  value  from 
formula  (3*91). 
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For  greater  accuracy  in  determining  t.he  values  oF  or2 

should  also  be  substituted  instead  of  a  ^  in  all  terms  'of  equation 

(3.92).  However,  while  only  slightly  affecting  the  result,  this 

» 

somewhat  increases  the  computational  work  and  is  expedient  only  in 
exceptional  cases  when  o-r2  differs  considerably  from  o^. 

Total  stresses  are  determined  from  the  cited  equations.  If 
we  must  calculate  the  stresses  only  from  forces  of  inertia  (the  disk 
is  cold  or  uniformly  heated, ,  then  all  terms  containing  t  and  E 
disappear.  In  determining  thermal  stresses  we  should  assume  a>  =  0. 

1 

Stresses  in  disks  of  constant  thickness  : 

Disks  of  constant  thickness  are  used  in  some  designs  in  spite  i 

of  the  loss  in  weight  as  compared  with  disks  of  conical  and  hyperbolic 

shapes  with  identical  safety  factors.  1  .  , 

1 

The  differential  stress  equations  for  disks  of  constant  thickness 

1  , 

can  be  solved  completely  for  the  given  disk  parameters . (dimensions , 
material,  temperature  radial  distribution,  and  boundary  conditions). 

It  is  simplest  to  analyze  the  effect  of  individual  factors  on  stress 
using  an  example  of  such  disks.  •  ’  , 

Figures  3*56  and  3-57  present  graphs  showing  the  distribution  of 
radial  and  circular  stresses  along  the  radius  of  a  disk  ,of  constant 
thickness:  a)  rotating,  uniformly  heated  without  a1  loop  load  (Fig. 
3.56);  b)  nonrotating,  but  nonuniformly  heated  (Fig.  3. 57)..  1 

An  analysis  of  the  curves  (see  Fig.  3*56)  leads  to  the  following 
conclusions:  ■  , 

-  circular  stresses  Oq,  are  always  greater  than  radial  stresses 

V 

-  in  a  disk  having  an  opening  of  "zero"  radius  .(puncture),  • 
stresses  Oq,  double  while  stresses  or  reduce  to  zero.  In  this  case, 

a  is  twice  as  long  as  it  is  for  a  disk  without  an  opening.  : 

3  H  G 

Hence  the  conclusion  concerning  the  more  rational  shape,  of  a  disk 

■ 

without  an  opening.  1 

» 
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Fig.  3 •  57).  Distribution  of  the  stresses  a  and  a<p  for 
a  nonrotating  disk  of, constant  thickness  with  nonuniform 
heating  along  the  radius:  solid  line  -b"  :  dashes  -o_. 


When  r  -»■  1  radial  stresses  approach  zero  while  circular  stresses 
approach  maximum. 

In  examining  thermal  stresses  (see  Fig.  3*57)  we  can  make  the 
following  conclusions. 

-  Thermal  stresses  are  due  to  nonuniform  heating  of  the  disk. 

With  uniform  heating  there  will  be  .no  thermal  stresses. 

-  Thermal  stresses  substantially  distort  the  pattern  of  stresses 
obtained  only  from  the  rotation  of  the  disk,  particularly  the  pattern 
of  stresses  o<p.  On  tne  periphery  of  the  disk  with  the  examined 
character  of  temperature  variation  negative  (compressive)  stresses 
appear. 

We  should  note  that  the  strength  of  the  disk  will  be  different 
depending  upon  whether  it  is  heated  or  not,  even  if  in  the  heated 
disk  there  is  no  temperature  gradient.  If  the  degree  of  heating 
determines  the  strength  of  the  disk  material,  nonuniform  heating 
determines  its  thermal  stresses. 

Analyzing  disk  with  allowance  for  plastic 
flow 


An  attempt  to  obtain  higher  criteria  for  a  turbine  and  reduce 
its  weight  has  lead  to  an  increase  in  the  angular  velocities  of 
rotors  and  stresses  in  the  disk  up  to  their  operation  in  the  elastic- 
plastic  region.  In  individual  sections  of  the  disk  stresses  reach 
the  yield  point  o^.  Meanwhile,  ther  less  loaded  sections  are 
loaded  with  additional  forces.  All  this  leads  to  a  redistribution 
of  stresses  in  the  disk  and  is  particularly  apparent  at  high  tempera¬ 
tures,  since  with  an  increase  in  temperature  the  yield  point  drops 
continuously . 

We  should  mention  one  more  effect  connected  with  plastic  flow. 

As  a  consequence  of  the  plastic  flow  of  material  under  elevated 
temperatures,  a  continuous  decrease  in  thermal  stresses  (stress 


3^1 


relaxation)  occurs  and  with  steady  creep  the  thermal  stresses 
completely  disappear. 

Let  us  examine  one  of  the  methods  of  analyzing  disks  with 
allowance  for  plasticity  -  the  method  of  variable  elasticity  para¬ 
meters  [7]. 


Figure  3.58  is  a  tensile  strain  diagram.  Below  the  stress 
equal  to  yield  point  (point  a)  for  most  metals  there  is  a  linear 
dependence  between  stress  o  and  relative  strain  e 


o=Ee, 


(3.93) 


where  K  =  tg  a  is  the  modulus  of  elasticity  of  the  first  kind. 

Beyond  the  yield  point  (point  b)  where  plastic  flow  occurs, 
stresses  can  be  written  by  analogy  in  the  form 


o=De, 


(3-9*0 


v/here  D  =  tg(3  is  the  modulus  of  plasticity. 

The  principal  difference  between  relationships  (3.93)  and  (3.9*0 
lies  in  the  fact  that  the  modulus  cf  elasticity  E  remains  the  same 
for  all  points  of  an  elastic  body  and  does  not  depend  on  the  amount 
of  strain.  The  value,  however,  of  the  modulus  of  plasticity  D 
depends  on  the  degree  of  deformation  and,  therefore,  is  different 
at  each  point  of  the  zone  of  the  o-e  diagram,  where  plastic  f.low 
occurs . 


In  the  general  case  of  the  three-dimensional  stress  in  an 
elastic  body  the  following  dependence  also  oejurs,  analogous  to 
(3.93): 


°/  —  £«/. 


(3-95) 
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b. 
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Pig'.  3.58.  Strain  diagram 
for  steel. 


In  this  formula 

0/  ~)/V  ^  (°1 — «2)2  +  (°?  —  *3>2  +  («3~ ?l)?J  (3.96) 

/2  ’ _ — - - : - ' 

*/  =  V  (el  —  £2>"  +  (£2 ““  e3>2  +  (*3  —  *l)*  •  (3.97) 

where  is  the  generalized  intensity  of  stresses; 
is  the  strain  intensity; 
c^,  o2,  a,  are  the  principal  stresses; 
e^j  e2>  are  the  principal  relative  elongations. 


As  shown,  for  the  case  of  plastic  flow  with  any  three-dimensional 
stress  a  dependence  similar  to  (3.9*0  occurs: 


/•  0  ,  =  /?£/,  (3.98) 

where  D  "a  the  modulus  of  plasticity  as  in  formula  (3.9**). 

The  relationship  (3.98)  also  occurs  in  the  case  of  simple  stress. 
This  makes  ,it  possible  when  analyzing  any  three-dimensional  stress 
(elastic  or  elastic-plastic),  to  use  the  o-e  diagrams  obtained 
during  tensile  tests. 


In  the  examined  theory  during  plastic  flow  the  material  is 
assumed  incompressible;  hence  it  follows  that  the  Poissor.  coefficient 
U  =  0.3  and  p  =  0.5*  Therefore,  the  dependence  of  the  strain 
components  on  the  stress  components  for  a  biaxial  stressed  state 
of  a  disk  [see  formula  (3*70)]  can  be  written  in  the  form 


~p  (*'  ~  0  *5of)  +  a(;  Cf==~D  ( V“  0  *53')  + 


at. 


(3*9  9) 


Research  has  established  that  stresses  in  an  elastic  disk  when 
p  =  0.3  and  p  =  6.5  are  virtually  identical.  Consequently,  when 
analyzing  disks  we  can  use  formulas  (3..J)  for  strains  both  in  plastic 
and  in  elastic  regions  and,  therefore,  equations  of  equilibrium 
and  strain  compatibility  are  also  real  for  disks  which  have  regions 
of  plastic  flow. 


Thus,  an  analogy  has  been  established  between  the  main  equation 
necessary  for  analyzing  disks  in  elastic  and  elastic-plastic 
regions.  The  principal  difference  is  that  when  analyzing  an  elastic 
disk  the  modulus  of  elasticity  E  is  known  on  each  radius  of  the  disk 
and  depends  only  on  temperature  while  the  modulus  D  depends,  in 
addition,  on  the  value  of  strain  on  a  given  radius,  which  is  not 
known  beforehand. 


Elastic-plastic  flow  should  be  analyzed  by  the  method  of 
successive  approximations.  For  analysis  we  must  have  strain  curves 
similar  to  the  curves. in  Fig.  3*59  for  a  given  disk  material. 


Fig*  3*59*  Strain  diagram  for 
23Kh2NVFA  (EI-659)  steel. 

KEY:  (1)  daN/mm2. 


(i) 


I 
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Pig.  3.60.  Plotting  of 
successive  approximations 
(disk  analysis  with  allowance 
for  plastic  flow). 


V/e  shall  divide  a  disk  into  sections  and  calculate  thepe  stresses, 
assuming  that  the  disk  operates  entirely  in  the  elastic. ,region  ' 

(p  =  0.5).  The  stresses  obtained  are  used  for  the  zero  approximation.1 

■ 

Based  on  the  values  of  and  o<p  on  the  middle 'radius  of  eafch  s 
section,  oi  is  calculated.  For  disks  the  stress  intensity  is 
computed  from  a  formula  obtained  from ‘formula  (3.96)  with  . 

°1  =  °r5  °2  =  °<P’  °3  =  0  ^ see  for>mula  (3.80)]:  !  *  i  , 


°i~  Var  +  4  —  ?,V 


1  1 


1 


lAs  the  zero  approximation  we  can  also  use  stresses  co^respon- • 
ding  to  the  elastic  state  of  the  disk,  calculated  wh(en  p  =  0.3.  1 
However,  the  calculation  of  the  first  and  following  approximations 
is  performed  with  p  =  0.5. 

I  «  .  . 
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Let,  us  proceed  with  the  successive  approximations.  Let  a ^  for’ 

^any",  section  of  the  disk  correspond  -.to  point  aQ,  which  lies  on  an 
extension  of  the  initial  linear  segment  of* the  strain  diagram 
(Pig.  3.60)i  Strain  eQ  corresponding  to  point  aQ  satisfies 1  stress  1  • 
which  i's  characterized  by  point  dQ.  ,  If  we  draw  ray  0dQ,  then 

1  D1  =  tgei  ="  (°d0^e0^  *,  '  1 

1  I 

\  **  l  ' 

Similar  calculations  are  performed  for  each  section  of  the 

'disk.  The  values  of  obtained  arp  used  for  the  new  values  of  the  1 
modhlus  of  elasticity  on  each  section/  1  ■"  f 

1 

After  this  we  perform  a  new  analysis  of  the  disk  as  'elastic 

•  1  1  1  * 

(with  modulus  ,of  elasticity  D^) .  'As  a  result,  we  obtain  stresses 
ar  and  cfy  in  the  first  approximation.  ,  According  to  them  we  calculate 
'  the  values,  of  oi  for  thq  average  radius  of  each  seetlin.  Let  these 
stresses  in,  the  examined  section  satisfy  pointy,  lying  ,on  the  , 

extension  of  ray  Od^.  Based  on  strain  e-^  and  stress  o^-, ,  corresponding 
to  point  d-^  we  determine  the  ._w  value  of  the  modulus 'of  plasticity- 
for  a1  given ‘section1: 

.  tgfe—2?.  •-  '  '  ' 

•l 

I  1  I  •  •  ,  s 

Based  on  the  values  thus  obtained  for  each  section,  wp  analyze 

the  disk  as  elastic  ih  the  second  approximation,  etc.  . 

•  1  : 

1  .  . 

1  (  ,  1  -  1  • 

The  process  of  successive  approximations  for  the  examined 
section  is  illustrated  by  the  line  aQ;  a-^;  The 

’intersection  point  a  of  this  line, with  the  strain  diagram  corresponds  to 
stress  cr„  and  deformation  e_  which  occur  in  the  middle  of  a  given" 
sectio’n  of  an  elas.tic-plastic  di^k.  1 

.  1 

,  The  curves  illustrating  the  proaess  of  successive  approximations 
for  two  sections  differ  in  form  from  the  curve  aQ;  a^  a2;  ...;  a;  j 
even  (the;  very  curve  corresponding  to  thei  averaged  temperature  of 
this  section  will  be  different. 


It  should  be  noted  that  if  stresses  do  not  exceed  the  yield 
point,  this  process  is  illustrated  by  a  set  of  points  Cgi  c^  C£; 
. ..;  c,  lying  on  the  linear  section  of  the  strain  diagram. 

Usually,  two  or  three  approximations  are  sufficient  for 
analysis.  After  the  results  converge,  radial  elongations  in  the 
disk  on  radius  r  can  be  found  from  formula 

cl 


^ r  o'  0*^'ra)"fOa4ra* 


(3.100) 


After  all  the  calculations  we  can  find  the  boundary  between  the 
elastic  and  plastic  regions  of  the  disk. 


Stress  anaftysis  of  disks  based  on  breaking  revolutions 


The  reliability  of  the  studied  disk  is  determined  by  comparing 
the  stresses  arising  in  it  with  the  stresses  at  which  the  disk 
breaks,  i.e.,  the  safety  factor  is  evaluated: 


°3kh  mix  upa6  m*x 


where  is  the  stress-rupture  strength  of  the  material  with 

B  j  T 

allowance  for  its  operating  temperature  and  operating  time  under 
load; 

o>  is  the  angular  velocity  of  the  disk  at  which  breaking 
stresses  a ^  „  arise  in  all  sections; 

B  ,  T 

wpafi  max  is  the  maximum  angular  velocity  of  the  disk. 


If  n  <  1  on  a  certain  section  Ar,  this  still  does  not  mean 
A* 

that  the  disk  is  broken  since  plastic  flow  occurs  only  in  this 
section,  while  in  the  remaining  (elastic)  part  of  the  disk  the 
stresses  are  redistributed,  Increasing  over  those  calculated. 
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Rupture  sets  in  only  when  plastic  flow  is  propagated  in  the  entire 
diametric  cross  section  of  the  disk.  This  is  also  the  basis  for 
analyzing  disks  based  on  breaking  revolutions. 

Thus,  the  safety  factor  of  the  disk  can  be  evaluated  not 
according  to  the  stress-rupture  strength  c^  but  according  to 

b  ,  T 

the  yield  point  o^: 


**>r 

Mpa6  max 

where  is  the  velocity  of  disk  rotation  at  which  stresses 
corresponding  to  yield  point  occur  in  all  sections. 

Analysis  is  formed  on  the  assumption  that  with  the  breaking 
number  of  revolutions  (or  the  corresponding  an0ular  velocity 
centrifugal  force  of  half  the  disk  P  and  the  loop  load  P (o„  ) 
are  equalized  by  internal  forces  P(oT)  acting  in  the  diametric 
cross  section  (Pig.  3.61).  This  condition  can  be  written  in  the 
form  of  a  sum  of  the  projections  of  all  forces  onto  the  vertical 
axis : 


®3kb  max 


P(*rA\oT  +  PCIOT=P(3t). 


(3.101) 


The  subscript  ooT  indicates  that  the  condition  is  written  for 
angular  velocity  wT  when  the  disk  breaks. 

Let  us  find  the  values  of  components  in  equality  (3.101)  (see 
Fig.  3.61): 

JB  ■  •  • 

2 

^  (5r  „)  =  2  J  Rjloftfr  ,  (o>T)  COS  o  =  2?,  4  (o>:)  Rjl„ 

0 

J  cos?r/o=l. 
o 


3^8 


where 


We  are  interested  only  in  the  vertical  component.  Therefore, 
let  us  introduce  the  factor  cos  q>: 


R  *12 


9 

rdydrli^m]  cos  <?=2q<4  j  hr*dr; 


^(3i)=2  J  Ojfidr. 

Substituting  the  obtained  expression  intp  eauation  (3.101)  and  with 
allowance  for  expression  o,  a (toT)  =  ar 4 (to)  i  we  obtain 

+  2e»>!  fW)  (~)S=2  j’cjidr, 

where  u>  is  the  calculated  angular  velocity  of  the  disk  (usually 
corresponds  to  the  maximum  number  of  turbine  revolutions). 


Fig.  3.61.  Stress  analysis  of  a  disk  based  on  breaking 
revolutions. 


Hence  we  find  the  safety  factor  based  on  breaking  revolutions: 


3^9 


(3.102) 


u 


|  otArf, 


°r  .1  (“)  +  C»1 1  A/”2rfr 


Usually,  nT  =  1.2-1. 5  and  the  safety  factor  is  -  1.4-1. 8. 
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Analysis  of  critical  shaft  speed 


With  the  use  of  turbines  of  rapidly  revolving  shafts  a 
phenomenon'  called  "critical  rpm"  was  detected. 

It  was  noticed  that  during  the  slow  rotation  of  a  rotor  no 
noticeable  vibrations  are  observed.  The  rotor  rotates  smoothly. 

With  the  achievement  of  a  certain  number  of  revolutions  the  rotor 
begins,  without  visible  cause,  to  vibrate  sharply,  which  can  lead 
to  the  breakdown  of  a  clearly  strong  shaft.  With  a  further  increase 
in  revolutions  the  rotor  again  begins  to  rotate  quietly. 

The  rpm  at  whic1'  a  shaft  loses  stability  and  begins  to  vibrate 
is  called  critical. 

Stress  analysis  of  shafts  is  studied  in  courses  on  the  strength 
of  materials  and  machine  parts.  Therefore,  in  this  section  we  shall 
examine  only  the  questions  of  transient  stability  of  shafts. 

Let  us  consider  a  shaft  arranged  vertically  (for  the  elimination 
of  the  effect  of  its  weight)  in  the  middle  cross  section  of  which 
is  attached  a  disk  with  mass  m.  Let  us  assume  that  the  mass  of  the 
shaft  is  low  as  compared  with  the  mass  of  the  disk;  however,  the 
shaft  possesses  elastic  properties.  Let  us  also  assume  that  the 
center  of  gravity  of  the  disk  c  is  displaced  relative  to  the 
geometric  center  by  quantity  e  (Fig.  3-62).  We  further  assume  that 
supports  allowing  the  shaft  to  rotate  freely  are  absolutely  rigid. 

When  the  rotor  only  begins  to  rotate  and  the  elastic  axis  of 

the  shaft  is  still  a  straight  line  (Fig.  3.62a),  then,  as  a  result 

of  the  displacement  of  the  disk’s  center  of  gravity  with  respect 

? 

to  the  axis  of  rotation,  there  appears  centrifugal  force  mew  . 

Under  the  effect  of  this  force  the  shaft  begins  to  be  deflected, 
which,  in  turn,  leads  to  an  increase  in  the  centrifugal  force 
(Fig.  3.62b):  P  =  m(y  +  e)w2. 

C 
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Since  the  shaft  is  elastic,  then,  as  deflection  increases,  force 
P  of  internal  strength  (the  elastic  force),  counteracting  the 

S' 

centrifugal  force  of  the  disk,  will  also  increase.  Assuming  the 
deflections  are  small,  we  can  consider  that  the  elastic  force 
will  be  proportional  to  the  shaft  deflection:  Py  =  Cy  ( G  is  the 
proportionality  factor;  y  is  the  shaft  deflection  at  the  disk 
attachment  point). 

The  physical  meaning  of  coefficient  C  has  been  explained  in 
the  following  example.  It  is  known  that  the  deflection  of  a  beam 
under  the  effect  of  force  P,  applied  in  the  middle  between 
supports,  is 

__  PP 

ij~asei  * 

hence 

p  _  4 «£/ 

C~  y  fl 

Thus,  the  quantity  C  is  a  force  which  causes  a  unit  deflection 
of  the  beam  in  the  direction  of  its  action.  This  quantity  is  called 
the  stiffness  coefficient;  its  dimensionality  is 

unit  force 
unit  length 

At  each  given  moment  the  centrifugal  force  of  the  disk  and  the 
internal  forces  of  elasticity  must  compensate  each  other,  i.e.. 


m(y-\-e)w2=Cy. 
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,rom  this  equality  we  find  the  egression  for  the  defleition  of  a 
shaft : 


y=Ti 


me<* 2, _ 


■  C 

m<»2 


-1 


(3.'103) 


Fie  3.63.  Deflection  of  a  shaft 
with  an  unbalanced  disk  versus 
the  angular  velocity  of  its 

s  rotation.  .  , 

Designation:  *p  *  critical 


Pi8ure  3.63  ?resents  ^^"graph  it  Apparent  'that  when 

::  r/t :: :: -rr, 

equal  to  aero  and  shaft  ^ ^  ™1o“  also  heglns  toindrease.  At 
angular  velocity  the  shaf  flect,on  becon,es  infinite.  I.et 

a  certain  angular  velocity  Fr0m  equation. (3.103)  it 

US  find  this  value  of -  angular  ve  •  ^  if  tM  denondnator 

“  rrrirri::::  -  — — « — 

i.e.. 
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.1 


C  i 

—  1-1=0, 

m<Ji- 


hence 


m  rad/s  s 


designation  up  •=  critical  ' 


(3.10*0 


,  The'valu'e  of  in  formula  (3.10**)  has  been  called  critical 
*  angular  velocity.  The  corr.espondir^  critical  rpm  is 


^O^Kp 


—  9,55 


r  c_  • 

j/  m  r/min 


’  With  a  furth.er  increase  in  angular  velocity  (when  w  >  io^) 
the  ,shaft  deflection  becomes  negative,  while  in  absolute  value  it 
begins  to  drop 5  with  infinitely  high  rpm  the  deflection  becomes 
ecjual  to  -e.  ;  1  ! 

;  : 

The  mi'nus  sign  indicates  that  wi?en  w  >  the  shaft  is 
deflected  in  a  direction  opposite  the  eccentricity.  When  a>  =  » 
the  disk  will  rotate  around  its  own  center  of  gravity.  Thus,  at 
extremely  high  angular  velocity , self-centering  occurs. 


1  >  Le't  us  observe  the  location  of  the  center  of  gravity  of  the 

disk  at  various  angular  velocities.!  Figure  3.6**  illustrates  the 
mutual  arrangement  of  points  0,  0^,  and  C  with  angular  velocities 
less  than  (Fig.  3.6**a)  and  greater  than  (Fig.  3.6**b’)  critical. 


1 


Pig.  3.64.  Mutual  arrangement 
of  the  0  axis  of  bearings,  the 
axis  of  the  shaft  at  the  disk 

attachment  point,  and  the  center 

of  gravity  of  the  disk  at  various 

angular  velocities:  a  - 

a><o)  :b-to>co 

«p  *  Hp 


As  experimental  and  theoretical  studies  have  shown,  at  angular 
velocities  less  than  and  greater  than  critical,  the  shaft  is 
dynamically  stable.  At  critical  angular  velocity  the  shaft  is 
dynamically  unstable. 

It  is  conditionally  accepted  to  call  shafts  operating  in  the 
subcritical  region  rigid  and  in  the  supercritical  region  flexible 
(Fig.  3.65). 


As  seen  from  formula  (3.103)  and  the  graph  in  Pig.  3.63,  when 
a)  =  a)  the  shaft  obtains  an  infinite  deflection.  Actually,  at  an 

Kp 

angular  velocity  near  critical  the  shaft  deflections  increase  but 
remain  finite  (see  Fig.  3.65).  This  is  caused  by  the  fact  that  with 
great  deflection  the  centrifugal  force  of  the  disk  is  balanced  not 
only  by  the  transverse  force  of  elasticity  but  also  by  the  force 
directed  along  the  axis  of  the  deflected  shaft. 

Turbine  operation  at  rpm  near  critical  is  not  permissible.  In 
practice  we  assume  that  the  operating  angular  velocity  must  be 
o>  <  0.7<o,  or  a  >  1. 3wu  • 

The  effect  'Of  gyroscopic  moment  on  critical 
angular  velocity.  The  concept  of  shaft 
precession 


1  San 


(2) 

ru5Ku£ 
Ban 


Fig.  3-65.  The  concepts  of 
"rigid  shaft"  and  "flexible 
shaft" . 

KEY:  (1)  Rigid  shaft,  (2) 
Flexible  shaft. 


Fig.  3.66.  The  precession  of  a 
shaft  with  a  disk. 


Formula  (3.10*1)  for  critical  angular  velocity  is  valid  only 
for  the  case  when  a  disk  is  located  precisely  in  the  middle  between 
supports  and  during  rotation  the  shaft  is  displaced  in  a  parallel 
manner  without  rotation  relative  to  the  diameter. 


In  the  overwhelming  number  of  cases  a  disk  is  located  ar.ymmetri- 
cally  on  the  shaft  and,  simultaneously  with  the  revolution  around 
its  own  axis  with  angular  velocity  oj,  it  rotates  along  with  the 
elasti c  line  relative  to  the  axis  of  the  bearings  with  angular 
velocity  X.  This  can  be  represented  as  the  vibrations  of  a  shaft 
rotating  along  with  the  disk  with  angular  velocity  u>  relative  to 
axis  0^  -  01  in  a  plane  rotating  with  angular  velocity  A  relative  to 
axis  0-0  (Fig.  3.66).  The  projection  of  the  disk  onto  a  thick 
plane  will  complete  the  oscillating  motions  (to  rotate  around  its 
own  diameter). 

Such  Qompiex  motion  of  bodies  in  mechanics  is  called  precession 
while  angular  velocity  A  of  the  elastic  line  with  the  disk  is  called 
the  angular  velocity  of  precession  or  the  angular  frequency  of 
natural  (free)  vibrations  of  the  rotating  shaft.  Two  cases  of 
precessive  motion  are: 
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forward  precession  -  if  the  disk  and  the  elastic  line  of  the 
shaft  rotate  in  the  same  direction; 

reverse  precession  -  if  the  disk  and  the  elastic  line  of  th' 
shaft  rotate  in  opposite  directions. 

Particular  cases  of  precession  are:  forward  synchronous 
precession  when  X  and  w  are  equal  not  only  in  sign  but  in  absolute 
value,  and  reverse  synchronous  precession  when  X  and' uj  are  opposite 
in  sign  but  equal  in  absolute  value. 

Precessive  motion  of  a  disk  is  connected  with  the  summation  of 
two  rotar/y  motions,  which  leads  to  the  appearance1  of  gyroscopic 

.moment:.,  ..... 


Fig.  3 •  67‘v  The  effect  of  gyroscopic  moment  on  a  shaft- 
disk  system:  a  -  forward  precession;  d  -  with  reverse 
precession: 

Let  us  examine  the  effect  of  .gyroscopic  moment  on  a  disk-shaft 
system  (Fig.  3.67).  With  forward  precession  (Fig.  3.67a)  gyroscopic 
moment  tends  to  decrease  the  deflection  and  turn  the  deflected  shaft 
to  a  neutral  position,  i.e.,  increases  system  rigidity.  Therefore, 
in  accordance  with  formula  (3.10*0,  we  should  expect  an  increase  in 
critical  angular  velocity. 

With  reverse  precession  (Fig.  3.67b)  gyroscopic  moment  tends 
even  more  to  deflect  the  haft,  i.e.,  to  reduce  system  rigidity, 
which  leads  to  a  reduction  in  the  critical  angular  velocity. 
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Critical  angular  velocities  of  a  single¬ 
disk  rotor  with  allowance  for  gyroscopic 
moment 

Let  the  disk  in  a  shaft-disk  system  be  attached  to  the  shaft 
asymmetrically  (Pig.  3.68);  therefore,  during  precession  gyroscopic 
moment  will  act  on  the  shaft  in  addition  to  centrifugal  force.  Let 
us  make,  the  following  assumptions . 

1)  The  shaft  is  weightless  but  it  has  elastic  properties  (the 
mass  of  the  shaft  is  negligible  as  compared  with  the  mass  of  the  disk). 
To  reduce  calculation  error  the  weight  of  the  shaft  can  be  reduced 

to  the  weight  of  the  disk. 

2)  The  shaft  supports  are  absolutely  rigid. 

3)  The  forces  of  resistance  to  the  motion  of  the  disk  and  the 
shaft  are  negligible. 

During  the  precession  of  the  disk  its  instantaneous  position 
in  space  can  be  determined  by  coordinates  x,  y,  and  z  and  projections 
q>  and  4  on  the  xOz  and  yOz  planes  of  the  angle  between  the  tangent  to 
the  elastic  line  at  the  disk  attachment  point  and  the  z-axls. 

To  obtain  equations  of  motion  for  the  studied  system  we  shall 
,ise  a  Lagrange  equation  of  the  2nd  kind; 


i'IL 

(it  /  Oq  ***  Oq 


(3.105) 


where  q  are  the  generalized  coordinates  (in  our  case,  x,  y,  <p  and  $); 
q  =  dq/SIr  is~tne““g¥nerali  zed  velocity; 

T  is  the  kinetic  energy  of  the  processing  disk; 
fl  is  the  potential  energy  of  the  system. 


I 


i 


a 


A 


t 


i 


Fig.  3.,68.  Determining  critical 
angular  velocities  of  a  rotating 
shaft  with  one  disk,  allowing 
for  gyroscopic  moment. 


Fig*  3*69.  Explanation  of  the'-  physical  meaning  of  rigidity 

coefficients.  '  1 

KEY:  (1)  daN/cm;  (2).  daN/lj  (3)  rad;  (4)  daN’cm/1; 

(5)  daN* cm/cm.- 


i  » 
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We  assume  that  the  disk  and  shaft  accomplish  'small  vibrations; 
therefore,  we  shall  not  allow  for  variation  in  the  z  coordinate, 

.  i  •'  i  > 

the  sjLnes  of  th<  angles  <p  and  $  will  be  replaced  by  the  angles 
th'emselves  and  the  cosines  by  one.  Then  the  expressions  for  ''kinetics 
^nd  potential  energy  obtain  1  the  form: 

,  1  :  : 

i  >  ,  ■ 

,  [«(*2  +  jfl  f /, +y„«2+yn«,(o3  _ 0-,)];  (3.106)  ' 

|  ,  \ 

/7 = l-V,, + >H- 2c.5 (Jf? +!/»)+ ^» (?;  +  8,)1 .  (3.107) 

I  I  •  ,  I  . 


where  m  is  the  mass  of  the  disk;  *  *  !  . 

<  |  ♦ 

iJfl  and  Jn  are  the  equatorial  (diametric)  and  polar  moments’ Of 
inertia  for1 the  disk,  respectively;  *  '  1 

1  i 

cll”  ci2 *  c21*  c22  are  the  shaft  rigidity  coefficients. 

■  i  ,  •. 

Based  on, the  reciprocity  theorem  for  displacement  c12  p  c2^. * 
The  physical  meaning- of  the1 rigidity  coefficient  is  Explained  in 

’Fig-  3.69.  •  i  ' 

1  -  .  *  , 

!  Differentiating  equations  (3..  106)  and  (3.107)  with  respect  to 
each  of  the  coordinates  and  substituting  the  obtained  expressions 
into  equation  (3.105),  we  obtain  four  differential  equations  for 

i  *  . .  * 

,  system  motion:  > 

i  *  ‘  '  1  * 


,  •  c12? =0; 

f  ,  my+Cutf+Cn^O; 

.  —  ynUi’r  +  ly.y-r  C^—0. 


(3. 108 j 


We  multiply  the^second' and  fourth  equations  of  (3.108)  by 
i  =  /~I  and  add,  in  pairs,  the  first  to  the  se.cond  ■'.nd  the  third  to 
the  fourth'.  The  following  substitution  is  used:  1 

I  .  ! 
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Expanding  the  determinant  of  (3.113)  a  complete  equation  of  the  Hh 
power  relative  to  X  is  obtained.  However,  it  is  extremely  difficult 
to  solve  such  an  equation. 

Let  us  make  some  transformations  for  which  we  shall  use  the 
substitution 


to— sX, 


tv 

(3.11^) 


where  s  =  to/X  is  a  constant. 

The  geometric  sense  of  this  constant  will  be  examined  when  we 
analyse  the  graph  of  the  system's  frequency  characteristic. 

Allowing  for  the  substitution  of  (3. 114),  the  determinant 
(3.113)  assumes  the  form 


fn  —  mX2 
r2, 


cl2 

^22~IA~A*]X2 


SO. 


(3.115) 


If  we  expand  the  determinant  (3.115),  we  obtain  not  a  complete  but 
a  biquadratic  equation  relative  to  X: 


W  ~  Jns)  a4  —  [mfvj  -  c n  -  Jn$) ]  a2  r  (fnr22— c2,)  —  0‘.  ( 3 . 116 ) 


Equation  (3-116)  is  called  the  frequency  equation.  It  defines 
the  dependence  of  natural  angular  frequencies  (velocities)  of  a 
shaft  with  one  disk  for  assigned  parameters  of  a  system. 


It  is  possible  to  use  this  equation;  however,  it  is  more 
convenient  to  use  in  computations  an  equation  which  has,  instead  of 
the  rigidity  coefficients,  coefficients  of  unit  load  or,  as  they 
are  called,  coefficients  of  compliance. 
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In  order  to  find  the  relationship  between  the  coefficient  of 
rigidity  and  unit  load,  let  us  examine  a  beam  on  two  supports  loaded 
by  force  P  and  moment  M  (Pig.  3.70).  Under  the  effect  of  the  force 
and  the  moment  the  beam  at  point  1  will  be  deflected  by  quantity  y 
and  turned  by  angle  a-. 

If  we  use  a  "method  of  deformation,"  we  can  express  the  force 
and  the  moment  in  terms  of  deformations: 


p  =  c \\y  -f  f  12a;  M  —  C2\y^rC^a% 


(3.117) 


where  c^,  c12,  c?1,  and  c22  are  the  i'gidity  coefficients. 


Pig.  3.70.  Determining  the  rela¬ 
tionship  between  the  coefficients 
of  rigidity  and  unit  load. 


From  the  system  of  eque.tio.ns  (3.117)  we  find  the  value  of 
deflection  y  and  the  angle  of  turn  a: 

P  fjj 
M  cw 

u  —  - - - 

Cjl  CJ2 

Csi  C22 

jCll  P 

C21  M 

It  g.  ~  ■  - 

Jcu  «« 

>  K21  c?i 

On  the  other  hand,  if  we  use  the  "method  of  forces,"  we  can 
express  the  deflection  y  and  angle  turn  a  in  terms  of  force  P  and 
moment  M: 
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y^auP+aaM)  a=a2iP+a„M, 


(3.119) 


where  a-Q,  ai2’  a215  a22  are  coe^^icients  of  the  unit  load. 


coefficients  of  unit  load. 

KEY:  (1)  daN;  (2)  daN-cm;  (3)  1/daNj  (4)  cm/daN; 

(5)  daN’cm;  (6)  1/daN'cm. 

The  physical  sense  of  these  coefficients  is  clear  from  Fig.  3.71. 
From  the  reciprocity  theorem  of  displacements  it  also  follows  that 
a12  =  a21'  Coefficients  of  unit  load  can  be  found  by  structural 
mechanics  methods,  for  example,  the  Vereshchagin  method  with  the  aid 
of  the  Mohr  integral  (Integral  of  unit  moment)  or  according  to  the 
Castigliano  theorem. 

Comparing  the  coefficients  with  P  and  M  in  equalities  (3.118) 
and  (3.119),  we  find  expressions  for  the  relationship  between  the 
coefficients  of  rigidity  and  unit  load: 


CUC22  —  Cj2 

—C  !2 

=  fli* 

— ^21 

=  <*2» ; 

Cj|C22  —  CJ2 

(3.120) 


3  6h 


*11 


2~  =  #22l 

*11*22- q2  • 

1 

~~~  ~J~  —  anon~  #{2. 

*11*22— *12 


If  we  divide  all  terms  of  equation  (3.116)  by  (c1]Lc22  -  c^), 
with  allowance  for  equalities  (3*120),  we  obtain  a  frequency  equation 
written  in  terms  of  the  coefficients  of  unit  load: 


m(anaK-«JJ)(/,-J„s)X<_[31,m+a2!(/J_ynS)]XJ+1=0 


(3.121) 


Studying  equation  (3*121)  (or  equation  3*116),  we  can  find 
the  horizontal  asymptotes  with  the  ordinates: 


^*1,2  —  0j 


>3.*=±|/ 


floj 


m  (#11022 —  flj2) 


and  also  one  inclined  asymptote  A  =  (Jn)/(Jfl)w. 

Let  us  assign  varLous  values  for  the  coefficient  s  =  u>/A  =  const. 
Then  equation  (3.121)  .is  solved  as  a  biquadratic  equation  relative  to 
A  for  each  given  value  of  s  and  the  roots  of  this  equation  give  the 
ordinates  of  the  graph  of  the  equation  (3*121)  A  =  A ( to) >  the 
frequency  characteristic.  The  corresponding  abscissas  are  found 
from  expressions  00  =  sA. 


Figure  3*72  shows  a  graph  of  the  frequency  characteristic. 
Assigning  any  value  to  s,  we  cut,  as  it  were,  the  frequency 
characteristic  with  ray  s  =  (w)/(A)  =  ctg  a1  and  find  the  intersection 
points  of  this  ray  with  the  frequency  characteristic.  This  is  the 
geometric  sense  of  the  coefficient  s.  Obviously,  s  can  change 
within  the  range  “  1  s  <_  ». 
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Pig.  3.72.  Complete  frequency 
characteristics  of  a  single-disk 
system. 

KEY:  (1)  Region  of  reverse 
precession;  (2)  Region  of  forward 
precession;  (3)  Asymptote. 


(i)  (2) 

OSnacmb  oSpam-  OSnacmb  npmoi 


0  u> 


a)  (a)  . 


(2) 

OSnacmb  npmoi 


(b)  ff) 


Pig.  3-73.  Frequency  characteristic  of  a  single-disk 
system. 

KEY:  (1)  Region  of  reverse  precession;  (2)  Region  of 
forward  precession. 
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I  i  I 

The  frequency  characteristic  is  symmetric  relative  to  the 
origin  of  coordinates.  This  means  that  the  curves scoincide  exactly 
in  the  I  and  III  and  in  the  II  and  IV  quadrants.  Therefore,  they 
are  bounded  by  its  representation  only  in  the  two  neighboring  ! 
quadrants:  in  I  and  II  (Pig.  3* 73a’)  or  in  I  and  IV  (Fig.  3.73b). 

The  latter  representation  more  accurately  expresses  the  physical 
essence:  for  a  gjven  direction  of  shaft  rotation' (we  assume  it  is 
positive)  both  forward  (positive  values  of  X),  and  reversp  precession 
(negative  values  of  X)  occur.  However,  from  the  mathematical  point 
of  view,  it  is  more  convenient  to  deal  with  continuous  curves,  i.e., 
with  the  representation  of  characteristics  as  shown  in  Fig.  3-73a- 

t 

t 

Analysis  of  the  frequency  characteristic  shows  that  in  the 
examined  single-disk  system  each  value  of  angular  velocity 
corresponds  to  two  natural  angular  frequencies  (velocities')  in  thei 
region  of  forward  precession  and  two  in  the  region  of  .reverse 
precession.  For  the  entire  set  of  angular  shaft  velocities  'there  1 
is  an  infinite  number  of  natural  angular  frequencies. 

Fig.  3*7^.  Shapes  of  the  elastic 
line  during  the  vibration  of  a 
rotating  shaft  with  one  disk. 

a)  .(a)  '  6)  (b) 

.  I 

When  w  =  0  there  are  two  frequencies  of  bending  vibrations  for  ; 
forward  and  two  for  reverse  precession.-  Since  the  shaft  is  not 
turning  there  is  no  gyroscopic  moment  and  the  frequencies  in  the 

i 

regions  of  forward  and  reverse  precession,  by  pairs,  are  equal 
(in  absolute  value). 

* 

When  to  >  0  in  the  region  of  forward  precession,  the  numerical 
values  of  X  are  greater  than  when  w  =  0,  an  in  the  region  of  reverse, 
precession  are  less.  This  is  explained  by  the  effect  of \  the  gyroscopic 
moment  which,  during  forward  precessiori,  increases  shaft  rigidity 

I 

and  during  reverse  decreases  it. 
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When  X  =  u,  forward  synchronous  precession  occurs,  and  when 
X  =  -w,  reverse  sync,hronou's  precession  occurs. 

*  *  i  • 

i 

l 

I  : 

The  frequency’  characteristic  has  two  branches.  Branches  with 
the  .'lowest  frequencies  correspohd  to*  the  first  shape  of  elastic 
li,ne  (Pig.  3.7*Ja),  while  branches  with  the  highest  frequencies 
correspond  to  the  second  shape  of  the  elastic  line  (Pig.  3-7^b). 

i  ’  ' 

In  many,  practical  cases  disks  can  be  assumed  thin.  Then 

J'/J  ~  2  or  Jn  ~  2J  . 
n  A  n  a  ■ 

'  *  ! 

.  '  *  1 

In  addition,  for  forward  synchronous  precession  X  =  <o,  s  =  1 
and  equation  (3..  121)  'assumes  th'e  form 


(anax—a-n)  =0,* 


(3.122) 


hence 


; .  ....  '  _  ,  P _ L>  , 

,  r~  ‘>~]/  ,  2  m^ay- ^ 

*  -f-  J_  aiim — anh  2  j _ } _ 

,  I  \  m  (£tna22~  <3j2:)  7a  ‘/n  (an^i-  aj2) 


(3.123) 


,  In  this  case,  tlie  resonance  rotational  velocity  co^  is  equal 
to  critical  w .  .  1  1 

i  Kp 

For  reverse  synchronous  precession  X  =  -w,  s  =  -1  and 
the  equation  ’  ( 3. 121)  assumes  the  fbrm  1 


3m  ^ana^  a\<>)  J [fljjMi "I- 3^22^1^“  !  1—0,  (3.1211) 


hence 


1  /  a\\m  4-  3a227»  j_, 

“p  ,  |/  2  3fft(aj>fl22— aj2)7* 


*  _  /  1  fliiffi  4*  ^22^  |-  _ 1_ _ 

|/  4  3 m  (flufl”  —  ais)  1*  J  (aiia22—  4 * 


(3.125) 


Example  3.3.  Determine  the  angular  velocities  of  a  shaft  on 

two  supports  with  a  cantilevered  disk  for  forward  and  reverse 

synchronous  precessions.  The  dimensions  are  clear  from  the  sketch 

(Pig.  3.75).  The  weight  of  the  shaft  is  disregarded.  The  disk 

will  be  considered  thin  (J  /J  =  2).  The  mass  of  the  disk  is 
2  fl 

m  =  0.158  daN*s  /cm.  The  diametric  moment  of  inertia  for  the  disk 

p 

is  =  42.5  daN*s  • cm.  The  shaft  material  is  steel, 

E  =  2.1-106  aaN/cm2. 

net  us  determine  the  coefficients  of  unit  load  with  the  aid 
of  the  Mohr  integral: 


an~E! iJ  j  l\ 


+  _L_  ((,3_,)5</jt  =  4toM0-«  cm/daN 

El o  J 

*  -  iTr  i  (f J " + k  i(if  * + srl  *  -  °-0279- 10-6  1/daN ' cm; 


.  f  1  (*4.-/2  ■  1 

,  L  c  it  * 


x*dx  -}- 


It  1"' 

■  J  (/3  -  x)  tfx  =-0,337  x  10-6  1/daN 

I,  J 


fluajs- a*2=  4,57- 10-6.0,0279-  10-6-(-0,a37. 10-6)2=0,014.10-12  l/daNc 
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For  forward  synchronous  precession,  based  on  equation  (3.123) ; 
we  find 

_  f  _  1  4.57-10-6.Q,  15S-0. 0279-10-6.42,5 

“sp  y  2  0.158-42,5-0, 014- 10-12  + 

V  l  f  fTT 57-10-6.Q,  138  —  0.0279- 106. J2.512  | 

}/  4 [  0,158-42, 5-0, 014- 10-12  +  0,158-42, 5-0, 014- 10—12 

=  V 2,46-106+  ><6,06.1012+  10,6-1012  =  2560  rad/s. 


Foi  reverse  synchronous  precession,  based  on  equation  (3-125), 
we  obtain 

/I  4,57.10-6.0.158  4-3-0.0279-10-6-42,5 
2  '  3-0, 158-42,5-0, 014-10-12  ~ 


-  } 

,/i 

r4,57- 10-6.0,158+3-0,0279- 10-6-42,5 

.1 

2  1 

i 

v  * 

3.0,158-42,5-0,014-10-12  J 

3-0,158.42,5-0,014-10-12 

V 7,575- 106  ±  ■/ 57,2-1012  — .3, 54 -1012; 
wpi  =  )/'7,575- 106  —  7 ,33-106  =  .195  rad/s 
} '7,575- 106  j.  7.33- 106  =  2860  rad/s 


SIS  CM*  I2  =  797cm* 

A  =  \  I 


Fig.  3-75-  Calculation  diagram 
of  a  turbine  rotor  (for  the 
calculation  example). 


It—  75cm 
tj— 89,5cm 


Natural  frequencies  of  vibrations  in  a 
rotating  shaft  with  allowance  for 
distributed  mass 


Let  us  examine  a  straight  shaft  with  hinged  supports  on  the  ends. 

We  assume  that  the  linear  mass  of  the  shaft  is  m^,  the  moment 
of  inertia  of  its  cross-sectional  area  is  I,  the  modulus  of  elasticity 
for  the  material  is  E.  Ti,c  shaft  rotates  with  angular  velocity  u> 


<1 


I 


substituting  the  boundary  conditions. ,into  equation  (3.128)  We  obtain 
1  : 

four  equalities'  which  defirie  the  constants  A,  B,  C,  and  D:  i 

i  i  :  ' 


i 


•  A+C=0;  .  . 

,  -4-fC=0;  .  i  ' 

A  coso-f  flslna-f  Ccha-f  Dsha=0; 
—  .Acdsa— Bsln,a-!-Ccha-f.Dsha=0,  • 

\  *  l  If 


I. 


(3.130) 


:  •  >  ■  .  i  ! 

hence  'it  follows  that  A  =  C  ®  0  and  equalities  (3.130)  assume  the 

form: 


i 


5sina-}-/?slia=s!0; 

■  ZJsina+Dsha 


~0; ) 

-0.1 


(3.130* ) 


The  determinant  of  this  system  of  equatior.s  is 


A(a)= 2shaslnct. 


(3.13D 


We,  are  interested  in  a  z'ero  solution,  which  means'  that  the  shaft 
perserves  its  rectilinear  shape. i  Therefore*  the  determinant  (3.131) 
of  system  (3.130*)  must  be  6equal  to  zerej:  (  » 


sha?fna==0. 


i 


i 


! 


(3.131*)'' 


! 


! 


We  need  only  trie  real  roots,  and  equality ,( 3.131* )  assumes  the 
form  ‘  i  i 


sln'a—0. 


(3.132) 


This  means  thatiD  =  Oj  quantity  B?  however,  remains  arbitrary.  The 
roots' of 'equation  ( 3 . 1 3 2?)  are  other  than  zero  and  equai 


i 
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a,=nj  a2=2n; 


(3.133) 


a8=3n;...;  oa~«jt. 

The  corresponding  equilibrium  forms  of  the  elastic  line  (Pig.  3.77) 


f 


yx—B  sin  jix—B  sin  ; 
tf%  s=8  3  sin  2nx = B  sin  ; 


(3.134) 


Each  value  of  a  corresponds  to  its  own  value  of  angular  velocity 
(at  which  the  shaft  will  vibrate),  determined  from  formula  (3.127): 


(3.135) 


Thus,  the  rotating  shaft  with  distributing  mass  theoretically 
has  an  Infinite  number  of  natural  frequencies  of  vibration. 


Pig.  3*77.  Forms  of  the  shaft's 
elastic  line  during  vibrations. 
KEY:  (1)  form. 


(i) 

f~fi  CpOpMCL 

(1) 

l~ft  tpOpMCL 

(1) 

J-/f  (pop na 

(1) 

¥-/i  tpopm 
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When  analyzing  the  natural  frequency  (or  natural  angular 
velocities)  of  rotors  with  distributed  mass,  the  mass  of  the  sha 
can  be  taken  into  account  by  reducing  it  to  the  mass  of  the  disk 

A  simple  adding  of  the  mass  of  the  shaft  to  the  mass  of  th-i 
disk  is  too  rough  an  approach.  The  best  approach  is  the  method 
of  reducing  the  mass  of  the  shaft  to  the  mass  of  the  disk  base/'  on 
the  assumption  that  the  kinetic  energy  of  a  rotating  shaft  is  -qual 
to  the  kinetic  energy  of  a  certain  reduced  mass  concentrated  ?.  ■ 
the  spot  where  the  disk  is  attached  to  the  shaft.  With  thic  -c 
assume  that  the  elastic  line  of  the  vibrating  shaft  has  the  same 
form  as  during  static  deflection  under  the  effect  of  a  unifo1  n.ly 
distributed  load.  This  method  of  presentation  does  not  take  into 
account  shaft  rotation. 

A  stricter  accounting  for  the  mass  of  the  shaft  at  certain 
critical  velocities,  proposed  in  reference  [20],  requires  a  very 
large  amount  of  computation. 

As  studies  have  shown,  the  critical  velocity  of  a  system  without 
taking  the  mass  of  the  shaft  into  account  will  be  higher  than  the 
first  natural  angular  frequency  of  the  system  with  mass  taken  into’ 
account.  Disregarding  the  mass  of  a  shaft  can  lead  to  particularly 
large  errors  (up  to  50%)  in  systems  with  long  shafts. 

The  mass  of  short  rigid  shafts  with  a  low  frequency  of  vibrations 
can  be  disregarded  and  this,  of  course,  appreciably  simplifies  the 
problem  of  determining  critical  velocities. 

Critical  angular  velocities  of  complex  systems 

The  frequency  equation  (3.121)  makes  it  possible  to  calculate 
critical  angular  velocities  and  vibration  frequencies  for  a.  shaft 
of  a  single-disk  system  with  allowance  for  gyroscopic -moment.  An 
equation  of  the  4th  power  relative  to  \  is  obtained. 
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If  the  number  of  disks  in  the  rotor  is  more  than  one*  the 
frequency  equation  is  made  considerably  more  complicated.  Thus,  for 
a  two-disk  system  the  determinant  (3*115'  will  have  the  form 

*12  *13 

*22  (*^*1  *23  • 

*32  *33~W2*2 

*42  *  *43  *44  (A2  *^n2^)^2l 

(3*136) 

and  the  frequency  equation  will  be  of  the  8th  power  relative  to  X 

p 

(or  of  the  4th  power  relative  to  X  ). 

For  a  three-disk  system  the  frequency  equation  will  be  of  the 
12th  power  relative  to  X_,etc.  These  equations  become  difficult  to 
solve  by  ordinary  methods. 

It  should  be  noted  that  high  speed  computers,  however,  can 
solve  this  problem.  There  are  other  methods  also  which,  if  we  use 
some  approximation,  enable  us  to  determine  the  critical  angular 
velocities  of  complex  systems.  Among  these  methods  is  the  solution 
to  integral  equations  of  free  vibrations  using  the  method  of 
successive  approximations. 

The  integral  equation  for  free  flexural  vibrations  in  a  rotating 
rotor  on  two  supports,  having  an  arbitrary  law  of  variation  for  the 
cross-sectional  area  of  the  shaft  along  the  length  and  a  load¬ 
carrying  row  of  disks  located  arbitrarily  along  the  length  (Fig.  3*78) 
has  the  form 


*11  ”  mi^2 
*21 
*31 


*14 

*24 

*34 


*0, 


t/-  ' 


»(-)=»»-  [  \  \  ^7  - 

^  '  '  Lo  o  E  r/?2  zRi 

—  --  .*—  {'Ri^Rl  -  * 

*  ** 


‘*2*1 


f  3.137) 


where  M  is  the  linear  integral  operator,  proportional  to  bending 

y  .  .  . 


moment  (M(z)  =  wcMy  ); 


QFydz  -\-'2mtyls^  + 


2—*t 


-V  y,  ty'fi - tR\ l*W  (Ofl ~ U  ~R-)»Q  lOol*»“ 

,  z&~~  **» 


{ -SzOsl  zn\M(l\-{l-zRx)Q(lU 


(3.138) 


Pig.  3.7^.  Diagram  of  a  two- 
support  rotating  shaft. 
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Here  the  linear  integral  operators  are 


(.3.139) 


p  is  the  mass  density  of  the  shaft  material; 

I  is  the  moment  of  inertia  of  the  cross-sectional  area; 

E  is  the  modulus  of  elasticity  of  the  shaft  material; 

P  is  the  cross-sectional  area  of  the  shaft; 

is  the  mass  of  the  i-th  disk; 

is  the  diametric  mass  moment  of  inertia  of  the  disk; 

e . ;  £di!  e  are  unit  functions; 

1  R1  R2 

•  £f0  npn  *<-m,  K.1H 

U  npH  Z>Zmt  h.ih  Z>ZRX 

ripn  =  when,  h/im  «  or 

.  Q (l)Q  is  the  total  shearing  force  on  the  shaft  end  only  from 
inertial  load; 

M(J)q  is  the  total  bending  moment  on  the  shaft  end  only  from 
inertial  loads. 


Formula  (3.137)  enables  us  to  find  the  critical  angular  velocity 
of  a  shaft  on  two  supports,  taking  into  account  the  gyroscopic 
effect  of  the  disks  and  the  mass  of  the  shaft. 


If  the  first  support  corresponds  to  the  origin  of  coordinates, 
then  in  formulas  (3.137)  and  (3*138)  we  should  is sumo  zR1  =0.  If 
the  rotor  does  not  have  cantilevers,  then  zR^  =  0  and  z^2  =0.  If 

a  nonrotating  shaft  is  studied,  in  formula  (3*138)  the  term 
i 

EJ^yJs^  is  equal  to  zero. 

See  reference  [10]  for  a  more  detailed  application  of  integral 
equations  for  determining  critical  velocities. 


The  concept  of  forced  vibrations.  Factors  causing 
the  vibration  of  rotating  shafts 

If  a  periodically  changing  external  load  acts  on  a  system,  the 
system  will  accomplish  forced  vibrations.  The  amplitudes  of  these 
vibrations  depend  on  the  value  of  the  exciting  force,  its  frequency, 
and  the  elastic-mass  characteristics  of  the  turbine  elements.  Usually 
in  working  turbines  the  frequency  spectrum  of  exciting  forces  is 
rather  wide.  Therefore,  all  turbine  elements  continually  oscillate 
as  a  result  of  which  dynamic  stresses  develop  in  them  and  determine, 
to  a  considerable  degree,  the  reliability  of  the  turbine  as  a  whole. 

Frequencies  n  of  an  exciting  force  can  be  very  different. 

Usually  they  are  connected  with  the  angular  velocity  u  of  the  rotor 

by  relationship 


*  =  ( 3.iho) 

when  k  -  1,  2,  3,  . ..,  n  is  the  harmonic  number  of  the  frequency  of 
the  exciting  force  or  a  multiple  number  of  the  frequency  of  this 

force . 

Exciters  of  forced  vibrations  can  be  gas-dynamic  forces  acting 
on  the  working  blades  and  being  transmitted  through  the  disks  to  the 
shafts,  as  well  as  various  alternating  shearing  forces  which  arise 
as  a  result  of  inaccuracies  in  the  manufacture  of  parts  of  the  rotor, 
gears  connected  with  the  rotor,  etc.,  misalignment  of  the  rotor 
couplings,  nonuniform  tightening  of  bolts  along  the  flanges  of  rotor 
components,  different  shaft  rigidity  in  two  directions,  etc.  The 
most  dangerous  exciting  force  is  the  shearing  force  from  rotor 
unbalance,  always  present  to  some  extent.  With  unbalance  the  vector 
of  the  exciting  force  will  rotate  with  the  same  angular  velocity  as 
the  rotor  and,  consequently,  the  angular  frequency  of  this  force 
will  be  equal  to  the  velocity  of  the  shaft  rotation  (in  this  case, 
the  multiple  number  k  =  1). 
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.Pig*  3*79-  Resonance  modes  for 
a  single-disk  rotor:’  to  ,  with 

J  Kp  1 

forward  synchronous  precession; 
uip2  and  u)p3  with  reverse 

synchronous  precession.  , 


'  >L~' 


.  Forced  vibrations  are  mdst  dangepous  when  the  frequency  of  the 
exciting^  force  becomes  equal  or  near  the  frequency  of  natural  vibra¬ 
tions.  The  amplitudes  of  the  vibrations  ca:n  become  very  high  even 
witty  a  Ibw  value  for  the  driving  force.  ‘  The  resonance  condition  for 
a  rotating  rotor  is  1  5 


2  =  X(w), 


(3.141) 


■ 

i.e.,  resonance  sets  in  when  the  frequency  8  of  ..the  driving  force 
is  equal  to  the  frequency  \  of  natural  vibrations  of  the  rotor  for 
a  given  angUlar  velocity  <o. 

i  i  :  ! 

As  has  ‘been  discussed,  the  niost  dangerous  frequency  of  exciting 
fopce  is  the  frequency  from  the  vector  of  the  inherent  unbalance  of 
the  rotor  (k  *  1);  .in  the  case  of  resonance  (8  =  A  *  <o  ),  forward 

I  Kp 

I  synchronous  precession  occurs.  Angular  velocity  to  is  called 

•  Kp 

critical  angular  velocity.  1 


,  x  I 

'll  forward  synchronous  precession  1  can  arise  in  any  rotor  ^because 
of ( inherent  unbalance),  reverse  synchronous  precession  (8  =  X  =  _u), 
as  all  oth^r  resonance  modes,  will  appear  only  in  the  presence  oi 
an. exciting  force  of  corresponding  frequency  in  the  system. 


1 


l 


I 


Resonance  modes  can  be  shown  on  the  frequency  characteristic 
of  a  jingle-disk  system  (Pig.  3*79).  For  this,  along  with  the 
angular  frequency  of  natural  vibrations,  the  frequency  of  the  exciting 
force  will  be  plotted  on  the  axis  of  the  ordinates.  The  intersection 
points  of  the  "excitation  rays"  with  the  curves  of  the  frequency 
characteristic  give  the  values  of  the  resonance  frequencies  for  the 
natural  vibrations  of  the  system  and  the  corresponding  angular 
velocities  of  the  rotor. 

Methods  of  combating  critical  modes 

When  designing,  it  is  necessary  to  adopt  measures  for  non¬ 
resonance  turbine  operation,  throughout  the  range  of  working  rpms. 
Sometimes  resonance  canno,.  avoided.  Then  damping  is  used  to 
decrease  the  amplitudes  oi'  vibration.  Let  us  examine  measures  which 
are  designed  for  this. 

1.  A  shift  of  critical  modes  to  the  region  of  high  rpms.  An 
increase  in  critical  rpms  is  possible  by  increasing  the  rigidity  of 
the  rotor  during  bending,  which  is  achieved  either  by  enlarging  the 
shaft’s  cross  section  or  by  introducing  additional  supports. 

2.  i  shift  of  critical  modes  to  rpms  below  working  rpms.  As 
is  known,  rotors  whose  critical  rpm  is  less  than  the  working  rpm  are 
called  flexible.  Such  a  shift  of  critical  modes  can  be  achieved 

by  reducing  shaft  rigidity  during  bending.  However,  ar  excessive 
decrease  in  rigidity  can  lead  to  inadmissible  deflections  of  the 
shaft  and  make  it  difficult  to  maintain  clearances  in  the  circulatory 
part.  In  adoition,  since,  in  this  case,  the  working  rpms  are  higher 
than  critical,  it  is  necessary  to  ensure  passage  through  critical 
velocity  during  acceleration  and  stopping  of  the  rotor.  Rotor 
operation  in  4  he  supercritical  region  is  tempting  because,  in  this 
region  of  velocities  ^pa6  >>  wKp  Cpa6  -  operating;  up  =  critical], 
the  rotor  is  self-centering  and  this  leads  to  a  decrease  in  the 
load  on  the  supports.  Therefore,  in  spite  of  the  above  difficulties, 
the  use  of  flexible  rotors  is  advisable.  For  a  safe  transition 
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through  the  critical  mode  during  acceleration  and  stopping  of  such 
a  rotor,  special  devices  which  limit  the  deflections  of  the  shaft 
are  used. 

A  shift  of  the  critical  modes  to  lower  rpms  can  be  accomplished 
by  introducing  into  the  design  of  the  supports  special  devices  which 
restrict  the  rigidity  of  the  support  while  preserving  sufficient 
rigidity  and  strength  of  the  shaft  itself 

Usually,  "elastic"  supports  are  not  purely  elastic  since  they 
are  also  the  location  of  vibration  dampers.  In  order  to  show  the 
effect  of  an  elastic  support,  let  us  examine  the  diagram  in  Pig.  3.80. 

Critical  velocity  of  a  rotor  with  an  elastic  support  can  be 
determined  from  the  equality  (without  allowing  for  gyroscopic  moment) 


(3. 142) 


where  cnp  is  the  cited  coefficient  of  rotor  rigidity  at  the  point  of 
disk  attachment  (with  allowance  for  the  pliability  of  the  support). 
The  coefficient  of  rigidity 


(3.143) 


where  y„  =  y  +  y  „  „  is  the  displacement  of  the  shaft  at  the 
point  of  disk  attachment  under  the  effect  of  the  force  P; 

y  and  y  „  „  are  the  displacement  of  this  point  because  of  the 
deflection  of  the  shaft  and  the  deformation  of  the  elastic  support, 
respectively. 


We  shall  express  displacement  yQn  np  in  terms  of  the  deformation 

of  the  support  itself  (Pig.  3.80a):  y  (Z^/l).  On  the  other  hand, 

y  =  P  Jo  „  where  P  =  P(Z,/Z)  is  the  reaction  of  the  elastic 
''on  on  on,  on  i 


support.  Consequently, 


s)  (a)  '  ..  S)  (b) 

’ig.  3.80.  The  effect  of  support  pliability  on  the 
critical  rpms  of  a  rotor:  a  -  with  a  disk  located 
between  supports;  b  -  with  a  cantilevered  disk. 


Hence 


where  cq  is  the  rigidity  coefficient  of  the  shaft  during  bending 
at  the  disk  attachment  point; 

con.np  is  fche  riSi<3ity  coefficient  of  the  elastic  support 
reduced  to  the  disk  attachment  point. 
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For  the  rotor  diagram  presented  in  Fig.  3.80a, 

3  El  l  . 

C *  /?(/-/ i)» 

•Similarly,  for  the  rotor  diagram  in  Fig.  3,80b 

■,  11,1 

—  r  ^  « 

Cnp  Am  lip 

where 

t .  m  ■  e'  =«  1 
/(/-(,)!  ’  ""P  “(»' 

This  diagram  amounts  to  a  rotor  without  special  elastic  elements 
in  the  supports  if  the  latter  are  not  absc1  _y  rigid.  Therefore, 
when  the  elasticity  of  the  supports  is  commensurate  with  the 
elasticity  of  the  rotor,  the  critical  rpm  must  be  determined  with 
support  pliability  taken  into  account,  i.e.,  it  is  necessary  to 
examine  the  single  "rotor-housing"  elastic  system. 

Damping  critical  rotor  modes 

In  the  revolution  of  a  turbine  rotor  various  forces  of  resistance 
act  on  it.  They  include  forces  of  friction  in  the  bearings,  the 
forces  of  friction  between  the  rotor  elements  and  V  ::  medium  in  which 
it  is  rotating,  the  forces  of  internal  friction  in  the  shaft  material, 
t  etc.  These  forces  create  moment  of  resistance  to  rotation  which  is 

overcome  by  the  external  torque  but  does  not  affect  the  amoun-;  of 
shaft  deflection  although  it  prevents  the  precessive  motion  of  the 
shaft  and  ^educes  its  deflection. 

These  forces  of  resistance  are  used  for  damping  the  vibrations 
if  the  resonance  modes  are  in  the  working  range  or  must  be  passed 
through  in  the  process  of  starting. 


383 


i 


'Existing  methods  of  damping  ard  reduced  either  to  the  intro¬ 
duction  of  additional  resistance,  which  prevent^  precessive  motion*, 

t  • 

into  the  "rotor-support"  system  or  to  a  change  in  the  dynamic 
properties  of  the  system  during  the  , buildup  pf  deflection. 

*  i  i 

Figure  3.81  shows  an  elastic-damping  support ’with  a  linear 

characteristic,  made  in  the  form  of  a  thin  ring  installed  between 

\  ; 

the  rim  of  the  bearing  and  the  housing  of  the  turbine.  ‘The  necessary 
pliability  of  the  ring  is  ensured  by  selecting  its. thiqkness  (and 
fitting  a  combination  of  projections  formed  b;y  grinding  the  faces' 
on  the  outside  of  the  ring  and' rounding  it  off  on  the  inside.  The 
second  ring  is  solid  and  unshaped.  '-It  intensifies  'the  damping  , 
ability  of  the  first  ring  because-  of.  the  gap  between  it  and  tpe 

outer  rim  of  the  bearing.  ‘  (  i 

i  i 

Figure  3.82  illustrates  the  design  of  an  elastic-damping 
support  with  a  nonlinear  characteristic.  After  the  gap  h  is  eliminated 
and  a  rigid  shaft  sleeve  is  included,  the  support  changes  its 
characteristics;  now  its  rigidity  becom'es  greater.'  Sipce  the  gkp 
h  is  small,  the  working  fluid  in  it  dampens  the  vibrations.  1 

{ 

\  1 

Figure  3-83  is  the  diagram  of  a  shaft  with  a  rigid  support  1  and 
a  dampened  support  2.  Upon  thd  displacement  of  the  suppor.t  a  piston 
noves  in  a  cylinder  filled  with  a  viscous  liquid  which-  flows  through 
special  openings  in  the  pistons  and ‘absorbs  the  energy  of  the 
vibrations.  ,  ,  , 


Fig.  3.81.  Diagram  of  an  elastic- 
dampened  support  with  a  linear 
characteristic. 

KEY:  (1)  Projections. 
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,  Figure  3*34  phows  one  of  the  wide  used  designs  for  a  dampened 
support.  Here  between  the  insert  of  the  bearing  and  the  housing  is 


i 

!  located  a  packet  of  several  thin  steel  tapes -with  a  certain  clearance, 
i  Th£  gaps  between  the 'plates 'are  filled  with  ,a  lubricant.  Because 

.  .  I  >  •  |! 

of  the  very  low'  frigidity  of  the  tapes  .the  support  has  insignificant  ! 

s  j  •  1  <  i 

1  (  1  elasticity.  However,  the  elasticity  of  the  support  can  change 

widely,  increasing  ithe  thickness  of  the  plates  and  the  number  of  thpm.  ’ 

1  •  ‘  :  ,  .  ,> 

»  1  .  •  ‘  . 

Such-  a  support  has  a ‘nonlinear  characteristic,  i.e.,  the 

•  «  dependence  of  the  force  acting  on  the  support  on  the  displacement  of 

support  has  a  nonlinear  character.  .  i  1  u 

I 


Fig.  3.83.  ,  Diagram  of  damping  1  Fig.  3.84.  Diagram  of  damped  1 

device.  1  support  with  nonlinear  characteristic. 


1 
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Vibrations  in  rotors  on  hydrostatic  bearings 

Vibrations  of  the  rotor  on  hydrostatic  bearings  has  the 
following  peculiarities.  With  a  given  drop  in  the  pressures  of  the 
working  fluid  on  the  bearing  (difference  in  feed  and  discharge 
pressures),  the  rotor  below  a  certain  rpm  accomplishes  only  forced 
vibrations  with  a  frequency  equal  to  the  velocity  of  its  rotation. 

When  the  frequency  of  free  rotor  vibrations  agrees  with  the  angular 
velocity,  undesirable  critical  velocities  and  resonance  vibrations 
are  possible. 

'With  a  further  increase  in  the  rpm  simultaneously  with  the 
forced  vibrations  there  arises  rotor  vibrations  with  a  frequency 
unlike  the  velocity  of  rotor  rotation.  Such  vibrations,  not  connected 
with  external  excitation,  are  called  auto-oscillations.  A  rotating 
rotor  on  hydrostatic  bearings  has  the  property  of  self-excitation; 
therefore,  it  is  an  auto-oscillatory  system.  Self-excitation  and 
auto-oscillation  of  a  system  can  lead  in  certain  modes  to  a  vigorous 
growth  in  vibration  amplitudes.  Externally  they  are  similar  to 
resonance  modes  of  rotor  operation;  however,  in  essence,  they  differ 
severely  from  them  since  they  do  not  bring  about  rotor  unbalance. 
Frequently  these  modes  are  called  modes  of  shaft  stability  loss. 

Before  proceeding  to  a  calculation  of  rotor  vibrations,  let  us 
examine  the  forces  which  arise  in  a  hydrostatic  bearing. 

Forces  acting  on  the  rotor  pivot 

Let  us  assume  that  the  rotor  axis  is  displaced  relative  to  the 
bearing  axis  by  a  quantity  r,  the  rotor  rotates  with  velocity  w, 
and  the  center  of  the  pivot  has  a  forward  velocity  v  relative  to 
the  center  of  the  bearing  (Fig.  3.85).  This  velocity  can  be  due  to 
the  precession  of  the  shaft  in  the  bearings  or  the  vibrational 
motion  of  the  shaft  which  appears  from  the  action  of  external  forces 
on  the  rotor. 
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In  the  calculation  of  forces,  we  make  the  following  assumption. 

We  shall  assume  that  the  flow  of  the  working  fluid  in  all  elements 
of  the  bearing  is  turbulent.  This  assumption  is  valid  since  lubri¬ 
cation  is  accomplished  by  a  liquid-metal  heat  carrier  with  low 
viscosity.  In  addition,  the  high  angular  velocity  contributes  to  the 
turbulent  flow  of  the  lubricant.  We  shall  assume  that  the  motion 
of  the  fluid  in  the  bearing  is  quasi-stationary ,  i.e.,  the  calcula¬ 
tion  of  nonstationary  forces  in  bearings  is  performed  according  to 
formulas  of  stationary  flow.  This  is  valid  if  the  ratio  of  the 
Reynolds  numbers  for  the  stationary  and  pulsating  components  of  the 
flow  is  Reny„bc/ReCTaH  =  0-1.0  [ny/ibc  =  pulsation;  ctsh  =  stationary]. 
Usually  this  relationship  is  maintained  in  the  designs  being  studied. 

It  is  further  assumed  that  the  working  fluid  is  incompressible, 
the  viscosity  of  the  fluid  is  constant,  and  there  are  no  breaks  in 
the  lubricating  layer. 

With  these  assumptions  we  shall  set  up  an  equation  of  the  flow 
rate  for  the  i-th  chamber  of  an  N-chamber  hydrostatic  bearing  with 
diaphragm  or  capillary  compensation  (Pig.  3.85): 

Qwi  2Qri  +  Qit  f+j  +  Qit  ,*_j  •+•  Qui  =0, 

to. 1*0; 

where  Qwi  is  the  flow  rate  through  the  nozzle,  cm^/s; 

QTi  is  the  flow  rate  through  the  end  connector  of  the  chamber; 

Qi  ^+1.  are  the  flow  rates  along  the  connectors  with 

i  +  1  and  i  -  1  chambers; 

Q  .  is  the  flow  rate  of  the  liquid  displaced  from  the  i-th 
chamber,  caused  by  the  forward  speed  of  the  pivot. 

The  first  three  terms  in  equation  (3. 1^5)  can  be  represented 
in  the  following  form: 
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;^S<fra^-4  wflW***'^#, 


Q*  /  =  JSk  A  j/~- (®b - Pl)» 

QT  / = /T  i [ j/* (0,06201/;)^^ ,  !-(»,- /7f)-°, 0625/ ,  ]; 

Qu+I5*?^  *w+i!  8U+1?  (^i-Me^u-r«li 

Q±  i-:L  is  written  similarly  to  i+1; 


(3.1^6) 


Vl  =  ~ - V  COS  (?/—$). 

mt 


Fig.  3.85.  Diagram  of  forces  acting  on  rotor  pivot. 

In  expressions  ( 3 . 1^6)  we  have  used  the  following  designations: 
u  u  .  are  the  coefficients  of  flow  rate  through  the  nozzle 

Hi  j  T 1 

and  the  end  of  the  chamber; 

f  are  the  areas  of  the  nozzle  and  the  end  slot  of  the 

i-th  chamber,  cnr; 
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Pg  Pc  are  the  pressures  at  input  and  output  of  the  bearing, 
daN/cm2; 

p±  is  the  pressure  in  the  i-th  chamber  of  the  bearing,  daN/cm2; 

<o  is  the  angular  velocity  of  the  rotor,  1/s; 

v  is  the  forward  speed  of  the  pivot,  cm/s; 

u  is  the  ratio  of  the  average  velocity  of  the  velocity  profile 
in  the  slot  to  the  maximum.  For  sufficiently  high  Reynold’s  numbers 
(Rg  >  1000)  this  quantity  varies  from  0.8-6. 9; 

p  is  the  density  of  the  working  fluid,  kg/cm^; 

5i,  i+1  is  the  radial  sap  between  the  pivot  and  the  bearing 
along  the  middle  of  the  connector  between  the  i-th  and  the  (i  +  l)-th 
chambers ; 

is  the  length  of  the  bearing  chamber. 

The  change  in  the  gap  between  the  pivot  and  the  bearing  with 
respect  to  the  angle  of  turn  is  described  by  formula 
6  *  6q(1  +  e  cos  <p),  where  SQ  =  (DQ  -  D)/(2),  e  «  U)/(6Q). 

The  system  of  reading  angles  is  such  that  the  position  of 
the  i-th  chamber  is  determined  by  angle 


while  the  angular  positions  of  the  middles  of  the  connectors  between 
the  i-th  and  the  i+1,  (i  -  l)-th  chambers  are 


1);  ?u+.  2,- 


,N), 


w here  N  is  the  number  of  bearing  chambers; 

V  is  the  angle  between  the  direction  of  the  forward  speed  of 
the  pivot  and  the  direction  perpendicular  to  the  center-to-center 
distance  (see  Fig.  3.85). 
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During  the  forward  speed  of  the  pivot  v,  the  pivot  displaces 
liquid  in  the  direction  of  motion  and  frees  a  place  for  the  working 
liquid.  In  order  to  write  the  flow  rate  of  the  displaced  liquid, 
we  assume  that  on  the  half  of  the  pivot  towards  the  direction  of 
motion  sources  of  working  fluid  are  located  and  on  the  other  side 
are  drains.  The  flow  rate  of  the  sources  must  be  equal  to  the  flow 
rate  of  the  drains  and  the  total  flow  rate  of  the  displaced  liquid: 


Q=y/)(L+/), 

where  l  is  the  width  of  the  end  connector,  and  L  *  i  +  l. 

n 

We  assume  that  the  intensity  of  the  sources  and  the  drains 
along  the  angular  coordinate  changes  according  to  sinusoidal  law: 
q . <p)  =  qQ  *  sin  (<p  -  ij/). 


From  the  condition  VD(L  +  l) 


q(?)d  we  obtain 


q^v 


Then  for  the  i-th  chamber 


ti.t+i 


Q>/=  [  ?  (?)  ^  ?  =  {L  +  0  (cos  (?/,/+!  — '*») — COS  (<?/,/-.!  —  $)]. 

j  2  (3. 

?t,l- 1 


(3.147) 


We  shall  introduce  designations: 


PI  — Pc  . 
Pn  —  Pc 


Lp\  V'o  = 


2V#  * 


where  Ap  =  p„  -  p  . 

r  B  c 

0 

The  quantity  h^.  is  the  relative  pressure  in  the  i-th  chamber 
counted  from  the  pressure  of  the  drain  and  referred  to  the  difference 
in  the  input  and  drain  pressures.  This  difference  is  called  the 
pressure  differential  in  the  bearing  Ap. 
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The  quantity  V#  has  the  measurement  cm/s  and  is  a  characteristic 
velocity  which  depends  on  the  pressure  differential  in  the  bearing. 

Vq  and  v0  are  the  relative  values  of  circular  and  forward  velocities 
of  the  pivot  (related  to  velocity  V#). 

With  allowance  for  these  designations  and  equations  (3. 146)  and 
(3.147),  from  equation  (3.145)  we  obtain 


The  coefficients  of  this  equation  are  : 


A,= 


1  fck/*  *>./,/— l^c  —  Vo  COS  —  ty)] 

B  ---  *  % _ _ i 

P*/*  h,i  f  i  !7o  —  vo  cos  <?#./ ~ 

JL _ 5Lb! _ 

*/./-!  (V'o  —  v0  cos  1  —  4^)1 1* 

2| iT  //T  /  .  n  _  (0.0625  [t'0  —  »o cos (<?/  —  <»])2  . 

D' - *7" 

g._  1  _ 

{*)«//«  ^  l^o  “*  V'oco<  (fy  —  6)J 

°*  {’■'»  ( 2/" '  °'0625 + nr1  J^r)~ 

-  vo  [2/,  I  •  0,0625  cos  (?,  -•?)  +  cos  lfw_,  -  4)  - 

_  ~~  -COS  (cp/,/  +  i — ^)-f~  ~  (^  +  0lc9s  (T/.  /  j.  i  ~  -COs(yl,,.1-^]J. 
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The  coefficients  of  hydraulic  friction  in,  the  |Slots  along  the 
connectors  between  the  chambers  has  been  determined  from  formula 


1  — 


(2,6+5, 


where  A  is  the  height  of  the  projections  on  the  surface  of  the 
bearing;  '•  1  ! 

X1  i_1  is  calculated  similarly  to  X.^  ,  1 

*  1 

The  coefficients  of  flow  rate  through  the  end  slots  have  been 
calculated  from  formula 


Hi,*. 


2,3 -M,  * 


where 


6  *  t  .  , _ 4  ■■■ 

5l==A^’  57\T- 

'  (2,6  +  5,Ug^) 

The  problem  of  finding  the  forces  in  a  hydrostatic  Rearing 
will  be  solved  if  we  find  the  relative  pressures:  in  the  bearing  • 
chambers  h.^.  To  find  N  of  unknown  hi  we  can  set  up  for  each  chamber 
an  equation  in  the  form  of  (3.148)  and  obtain  a  system  of  N  equatiohs 


+  YDi  i -h'i  +V 1  \  r 

(i  =»  1 ,2 . AO.)  (3.149) 

The  radicals  signs  in  the  system  of  equations  (3.149)  are 
determinedly  the  signs  of  the  radicands.  For  unknown  h^  the  , 
relationship  hi+N  *  l.e.,  hQ  *  h^,  h^fl  =  h-^,  is  valid. 

‘  *  1 

The  system  of  equations  (3.149)  should  be  solved  by  the  method 
of  successive  approximations  (Newton's  methocu.  Ih  the  zero 
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1 


;i  s 


If 


approximation  we  assume  hi0‘  =  0.5  (i  =  1,  2,  ...,  N).  Calculation 
.continues  until  the  error  for  all  roots  is  less  than  1%. 

•  *i  i 

I  * 

l  ,  i 

,  Based  on  the  calculated  values  of  h, ,  we  calculate  the 

i  1 

dimensionless  radial  F  and  tangential  components  of  the  force 
acting  on  the  rotor  pivot  in  .'a  hydrostatic  bearing.  The -radial 
force  is  directed  along  the  line  of:the  pivot  and  bearing  centers, 
Whiie,  the ’tangential  force  is-’ perpendicular  to  the  line  of  the  centers. 

<  i  : 

_  —  i  : 

The  quantities  Fr  and  Ffc  iare  determined  from  formulas: 

»  *  i 

’  .  N  i  N  ' 


Fr  =  Sln  ~  Yj  ,li  C0S  ^=ss  SinC?/ 

J  i-i 


(3.150) 


i 


i 


■  i  i 

bearing 


If  we)  introduce  the  quantity  of  relative  flow  rate  through  the 

"  i 


i 


Qo= 


p*/*v,  ’ 


(3.151) 


its  expression  in  terms  of  ,1^  will  be 


1  K 


Qo=2 /!-*<• 

/-I 


(3.152) 


With  assigned  geometric  dimensions  for  the  bearing  the  values 
of  coefficients  with  unknowns  and  equations  (3. 1^9)  depend  only  on 

1  i  1 . 

(the  relative  eccentricity  e,  the  relative  rotational  velocity  of  the 
pivot1  VQ,  the  relative-  forward  speed  of  the  pivot  vQ  and  the  angle  \p 
which  determines  -the  direction  of  the  forward  speed  of  the  pivot. 
Consequently,  the  values  of1 relative  pressures  in  the  chambers 
hi:and  the -values  of  dimensionless  forces  F  ,  Ft  and  flow  rate  Qfl 
will  depend  only  on  the  indicated  parameters  e‘,  VQ,  6q,  and  t{». 

•  i  i 

* 

The  values  of  dimensionless  forces  and  F.  with  forward 
,  ‘r  t 

pivot  velocity  v  =  0,  which  correspond  to  the  statioriary  values 


i  i 
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of  forces  in  the  absence  of  pivot  vibrations  and  depend  only  on 
e  and  VQJ  we  designate  FrQ  and  Ft0: 

Fro=Fr(e,  Vo,  Oo=0);  jPto=^(e,  Vo,  00=0). 


Then  the  components  of  the  forces  in  the  bearings  which  arise 
during  the  forward  displacement  of  the  pivot  can  be  written  in  the 


form  Frl  =  Fr  -  FrQ; 


ptl  =  Ft  -  Pt0* 


The  projection  of  these  components  onto  the  direction  of  the 
forward  velocity  of  the  pivot  is  designated  F  ,  while  the  projection 
onto  the  perpendicular  direction  is  Ffil: 


■Fc-^ncosij?  —  /Vising;  /’ci=/,,isin  t|?H-/^rlco§ 


The  characteristics  are  calculated  on  a  computer.  The  values  of 
N,  D,  Dp.,  L,  u  ,  f  ,  l u,  b,  l,  A,  u  and  the  values  of  the  parameters 
e,  vQ,  Vq,  and  are  given  as  the  initial  data.  For  each  of  the 
parameters  a  series  of  values  is  given,  and  for  all  combinations 
of  parameter  value  the  quantities  Fr  and  Ffc  are  computed. 

Usually  the  direction  of  the  projection  of  force  F  onto  the 

V 

vector  of  forwaru  pivot  velocity  V  is  opposite  to  this  vector  and 
does  not  depend  upon  angle  i|>.  The  projection  of  this  same  force  onto 
the  direction  perpendicular  to  the  forward  pivot  velocity  F  j  is  also 
independent  of  angle  <J>,  but,  in  magnitude,  is  less  by  one  order  than 
the  component  Fc  and  is  commensurate  with  calculation  error.  There¬ 
fore,  the  quantity  I  j  can  be  disregarded. 

The  force  Fr0  acting  along  the  center  line  is  directed  from  the 

center  of  the  pivot  to  the  center  of  the  bearing,  while  the  force 
_  \ 

Ffc0  acting  perpendicularly  co  the  center  line  is  directed  from  the 
center  of  the  pivot  in  the  direction  of  rotor  rotation,  as  indicated 
in  Fig.  3.85. 
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Fig.  3.86.  Dependence  of  dimensionless  forces  F  Q,  Ft0 
on  eccentricity  e. 

« 

The  third  equation  of  the  initial  system  of  equations  ( 3 - 146 ) 
is  valid  only  for  the  range  VZU6/2Q  =  0.2-18,  i.e.,  cannot  be  used 
for  the  case  VQ  =  0.  When  V0  =_  0,  instead  of  the  third  equation 
of  the  system  (3. 146),  the  following  equation  is  used: 


Qu- j  —  PM+r/z.i+j Y Pi  \-~Pi ♦ 


(3.153) 


Then  the  same  solution  method  is  used  as  in  case  Vq  ?  0. 


The  typical  dependence  of  dimensionless  forces  FrQ,  Ft0  on 
relative  eccentricity  e  and  relative  rotational  velocity  is 
presented  in  Fig.  3.86.  Figure  3.87  illustrates  the  dependence  of 
dimensionless  force  Fc  on  relative  forward  pivot  velocity  vQ  and 
parameters  e,  Vq. 

These'dependences  are  obtained  in  analysis  of  the  bearing 
with  the  following  data:  N  =  8,  L  =  4.7  cm,  b  =  1.09  cm, 

A  =  1.5-10"4  cm,  D  =  3.785  cm,  u  f  =  2.06'10"2  cm2,  l  =  0.3  cm, 

m  m 

u  =  0.88,  Dn  =  3.8  cm,  =  4.4  cm. 


To  solve  the  problem  of  the  vibration  of  a  rotor  on  hydrostatic 

bearings  we  need  ihe  analytical  dependence  of  forces  on  displacements 
and  rates  of  displacements  of  the  rotor  pivot  relative  to  the 
bearing. 


In  hydraulic  bearings  the  dependences  of  dimensionless  forces 
on  relative  parameter*  e,  Vq  and  Vq  are  continuous  functions  and 
can  be  approximated  sufficiently  well  by  power  polynomials.- 

Thus,  function  Frg(e)  can  be,  for  a  certain  range  of  relative 
velocity  Vq,  approximated  by  an  analytical  dependence  of  the  form 


^ro=aje(l+Pie2+Yi84), 

where  a^.,  y^  are  coefficients  which  depend  on  the  geometric 
dimensions  of  the  bearing  and  the  relative  rotational  velocity  VQ. 


Pig.  3-87.  Dependence  of 
dimensionless  force  F  on 
pivot  velocity  vQ.  c 


For  practical  analyses  Fr0(e)  can  be  expressed  by  a  simpler 
linear  dependence 


JSVo=aie. 
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The  selection  of  any  form  of  approximating  dependence  depends 
on  what  kind  of  problem  is  being  solved.  For  example,  in  solving 
the  problem  of  small  vibrations  in  an  unloaded  rotor  we  can  limit 
ourselves  to  a  linear  dependence  of  the  form  (3. 15*0.  If,  however, 
we  are  examining  the  effect  of  forced  vibrations  on  modes  of  auto¬ 
vibration  of  currents  or  we  are  examining  vibrations  whose  amplitudes 
are  commensurate  with  the  value  of  the  radial  gap  in  the  bearings, 
we  must  take  into  account  the  nonlinearity  of  the  characteristics 
Pr0(6>. 

Dependences  F^q  and  Fc  can  be  approximated  by  the  linear 
relationships : 


Fto^wVo;  ^c=a3uo. 


(3.155) 


A  transition  from  dimensionless  quantities  F,  e,  and  vQ  ' 
to  dimensioned  quantl'les  F,  r,  w,  6  is  effected  with  the  aid  of 
the  following  relationships: 


F  —  F\pDL\ 


r  =  e?0; 


\p;  ,v  —  Vq 


A  p —  P*~~  Pc' 


% 


t 


By  themselves  the  dimensioned  forces  can  be  written  in  linear 
form:  F^  =  k^rj  F2  =  k2ur;  F^  =  k^v,  where  subscripts  1,  2,  3 
correspond  to  the  former  subscripts  r,  t,  c,  respectively. 

Coefficients  k^,  k2,  k^  are  connected  with  coefficients  a-, ,  a2, 
by  relationships: 


*1=0^  a/?; 
°o 
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i  •  : 

If  the  projections  of  displacement  r  and  forward  pivot  velocity  1 
v  onto  the  axes  of  a  rectangular  system  of  coordinates  are  designated 
x,  y,  end  x,  y,  then  the  projections  of. forces  P-^,  F2  and  F^,  onto1 
the  same  axes,  with  allowance  for  the  directions  of  the  forces,  are 


Fu=  —  kxx\  F2x-=  —k?ny\  F3x=—k3x; 

F w—  — f?i  y\  Fiy—  —Fo wa*;  F^,—  k3\j. 


^  3 » 156) 


Vibrations  of  a  symmetric  rotor-  .  1 

y  ■ 

i  ' 

•  1  i 

Let  us  study  a  rotor  as  a  weightless  shaft  with  an.  unbalanced 
disk  in  the  center  of  the  span.  A  diagram  of'  such  a  rotor  and  the  . 
system  of  coordinates  used  are  shown  in  .  g.  3.88.  1  i 


•  *  1 
We  introduce  the  following  designations:  0  is  the  center  of 

*  » 

the  bearing;  0-^  is  th<*  center  of  the  rotor  pivot;  02  is  the  geometric 
center  of  the  disk;  0^  is  the  center  of  mass  of  the  disk;(  m  is  tl^e 
mass  of  the  disk  (kg);  c  is  the  -flexural1  rigidity  of  the  shaft 
(daN/cm);  is  the  distance  between  the  geometric  center' and  the 
center  of  the  mass  of  the  disk  (cm);  Xq,  y^  are  the  projections  of 
the  displacement  of  the  pivot  center  relative  to  the  bearing  center 
(cm);  x,  y  are  the  projections  of  the  displacements  of  the  geometric 
center  of  the  disk  relative  to  the  center  of. the  bearing  (cm); 
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I 


I 


I 


'  I!  '  I 

*l>  y1  are  the  projections  of  the  displacements  /of  the  center  of 
mass,  of  the  disk  relative  to1  the1  center  of  the  bearing '(cm) ;  w  is 
the  angular  velocity  of  shaft  rotation  (1/s).  ! 

1  ,  '  i  : 

'Coordinates  x,  y,  and  and  y^  are  connected  by  relationships: 


.Vi='if+Aicos  (w/+ vo);  sin  ((.)/'+ vo). 


(3.157); 


i  '  *  ' 

Equations  of  motiori  for  the  studied  rotor  can  sbe  obtained  if 
in  accordance  with  d'Alembert’s  principle,  we  equate  thedisk's  forces 
of  inertia  t6  the  shaft ,'s  forces1  of  elasticity  and  the  shaft's 
forces  of  elasticity  are  equated  to  the  forces  in  the  hydrostatic 

'  'ii 

bearings.  Finally  we  obtain  the  system  of  equations  > 

■  ..  .  i  1  '  ! 

ffijr, +*(.*— .r0)  =  0;  , 

1  mi/,4- c(t/-»/o)=0; 

‘  c  (x — *0) = 2^  A-0+2fr»">»/o + 2Vo  J 

’  c{y-i)0)  =  2kly0-2kMr0  +  2kiyQ.  ,  )  (*3.158) 


Let  us  introduce  further  designations: 
1  1 

,  2*i 


'  '  2  !•* 

... 

mi  m  “  u 


—=n,  —  =  r=±x-\-iy;  i==Y~^~\. 

s  m  m  ■  1 


m 

1 


(3.159) 


Taking  into  account  these  designations  and  expressions  (3.157) 
system  (3>158)  can  be  reduced  to  a  inonhomogeneous  equation  • 


1  1 

2  2  1 

U,i  +  “2  ••  n\  "  n 

— ~~~o — L  r<y\-M  —  rQ  +•— 27  r0+a)iro-"^Jro-r 
u>;  ■  ,  u>;  .us1  ' 


-//r0=A1<oV(w,+f#). 


(3.160) 


1  - 
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The  general  solution  to  ( 3 • 160 )  consists  of  a  particular  solution 
to  the  nonhomogeneous  equation  and  a  general  solution  to  the 
corresponding  homogeneous  equation.  The  particular  solution  of  the 
nonhomogeneous  equation  describing  forced  vibrations  is 


r0—  A0e 


i  {«/+?•+?») 


(3.161) 


A  -- 


If  we  substitute  (3.161)  into  (3.160),  we  obtain 

.  Ai  _ .  I 


«o2  \ 

1 - -) 

“2  / 

O  / 

,oQ  N 

<*>7l 

1  O  ) 

“6  ' 

(3.162) 


The  general  solution  to  the  homogeneous  equation  corresponding 
to  equation  (3.160)  is 


r—a0eut.  (3.163) 

If  we  substitute  (3.163)  into  equation  ( 3 *  160) ,  we  obtain  the 
characteristic  equation 


S2  ( 10 !  —  w-)  —  w*  w-j  -f  i  [s3/i  —  S- u>«  i  —  Svfyl  -f  wwjjif ,  ]  =  0. 


(3.16*0 


The  quantity  s  is,  in  the  general  case,  a  complex  quantity: 
s  =  v  +  in. 

\ 

If  among  the  roots  of  the  characteristic  equation  (3.16*0  there 
is  even  one  root  with  a  negative  imaginary  part,  the  system  described 
by  equation  (3.160)  will  be  dynamically  unstable,  i.e.,  vibrations 
with  increasing  amplitude  will  occur  in  it. 


9 
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The  question  of  system  stability  can  be  solved  using  the  Routh- 
Hurwitz  criterion.  For  system  stability  it  is  necessary  and 
sufficient  that  a  matrix  made  up  of  the  coefficients  of  the  frequency 
equation  and  the  even-order  diagonal  minors  of  this  matrix  be 
positive.  The  Routh-Hurwitz  matrix,  in  this  case,  has  the  form 


n 

—  mx 

wft)  <u| 

0 

0 

<oJ -j- (i)2 

0 

— <oJa>2 

0 

0 

n 

0 

0 

0 

O  ft 

-WiW2 

0 

0 

.  » 

—  0)2/1 

0 

0 

0 

wf-f  cof 

0 

0 

0 

0 

0 


— V 


-Wl?2 


For  system  stability  the  foil-owing  conditions  are  necessary 
and  sufficient: 


«KK)>0;  »!.Oj'(a>?+»§)>0; 

—  -f  I'ij>  o. 


then  the  system  is  stable  when 


n  >  0,  to  <*  —  f>0. 


(3.165) 


For  the  self-excitation  rate  w#  =  (n)/(n1)to0,  in  all  roots 
s  of  the  characteristic  equation  n  >  0,  the  vibrations  described 
by  expression  (3.163)  will  be  attenuating  and  only  forced  vibrations 
will  exist  in  the  system.  When  w  >  w#  in  the  system,  along  with 
forced  vibrations  there  will  also  be  autovibrations  described  by 

expression  (3. 163) . 

The  quantity  s  on  the  boundary  of  the  autovibrations  can  be 
found  from  equation  (3.16*0  with  allowance  for  the  fact  that 
on  the  boundary  un1  =  o)Qn: 
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S  =  V  =  (0#. 


(3.166) 


Thus,  near  the  boundary  of  stability  the  general  solution  to 
equation  (3*160)  has  the  form 

r0= , 

where 


a^t)=aQe^\ 

when  w  >  w#  function  a(t)  will  be  increasing  and  when  to  <  w# 
c  c 

decreasing. 

From  the  cited  expressions  it  follows  that  in  the  rotor  studied 
on  hydrostatic  bearings  it  is  possible  for  self-exciting  vibrations 
to  arise.  Near  the  boundary  of  autovibrations  the  autovibration 
frequency  is  equal  to  the  natural  frequency  of  vibrations  corresponding 
to  the  conservative  system 


■S- 


'2  2 
“I  "2 


which  is  defined  as  both  rigidity  of  the  rotor  c  and  the  rigidity 
of  the  bearings  k^.  The  rotational  veloc  :ty  of  the  rotor  at  which 
autovibrations  arise  is  proportional  to  the  natural  frequency  of 
rotor  vibrations: 


Autovibrations  occur  in  modes  in  which  the  work  of  nonconserva¬ 
tive  force  Fg  becomes  greater  than  the  work  of  the  force  of  resistance 


*<02 


p^.  The  value  of  the  work  of  nonconservative  forces  in  the  system 
when  to  >  to*  is  positive,  and  this  means  that  work  is  supplied  to 
the  system.  This  work  is  expended  on  increasing  the  amplitude  of 
vibrations. 

Since  positive  work  is  performed  only  by  hydrodynamic  force  F2 
which  depends  on  the  angular  velocity  of  the  rotor,  the  energy  of 
rotation,  i.e.,  the  power  of  the  drive,  is  spent  on  vibration. 

From  this  analysis  we  can  obtain  a  few  more  results  if  we 
examine  the  effect  of  the  pressure  drop  on  the  characteristics  of 
the  bearing. 

Earlier  it  was  shown  that  coefficient  k^  is  proportional  to 
the  pressure  drop  in  the  bearing  Ap,  while  coefficients  k2  and  k^ 
are  proportional  to 

<•>, = |  '!/>;  n  •■=  nx  |  Tp\  n ,  --=  nu  ]  Ap, 

where  o>lx,  nx,  nlx  are  the  corresponding  quantities  during  pressure 
drop  Ap  =  1.0  daN/cm2. 

Then  the  natural  frequency  of  rotor  vibration  depends  on  the 
pressure  drop  in  the  bearings : 


When  Ap  -*■  0  u>0  0,  while  when  Ap  »  w0  ■*  w2. 

\ 

For  rotors  of  pumps  and  turbogenerators  in  an  extraterrestrial 
engine  with  high  rigidity  and  a  high  frequency  of  natural  vibrations 
on  the  rigid  supports,  in  order  to  reduce  the  expenditure  of  power 
on  the  vibration  of  the  working  medium  through  the  bearing,  we 
attempt  to  retrace  the  pressure  drop  in  the  bearings,  i.e.,  in  order 
that 


w2»uA/V 


*  t  i  J,  *|  .*  *.  .* 


In  this  case. 


A x*p 

...  + 


.1  .  :ii”  • 


&'o>‘xAp;  ' 


If  the  rigidity  of  the  rotor  is  greater  by  one  order  than  the  rigidity 
of  the  bearing  (k1  =  0.1c),  the  rotor  can  be  considered  absolutely 
rigid.  Error  in  determining  the  natural  angular  frequency,  in  this 
case,  does  not  exceed  5%  and  we  can  assume  that  the  natural  frequency 
of  vibrations  is  proportional  to  /Sp.  Since  the  ratio  <*>CA>0  *  n/n-^  = 

=  nx/nlx  does  not  depend  on  pressure  drop  in  the  bearing,  the  revolutions 
of  autovibration  appearance  are  also  proportional  to  /5p: 


rt|jr 


In  hydrostatic  bearings  the  role  of  the  damping  coefficient  is 
played  by  expression  n  -  n-^  »  (nx  -  n^J/Ap,,  i.e.,  with  forced 
vibrations  the  value  of  damping  in  hydrostatic  bearings  is  proportional 
to  /Ap. 


.  For  a  rigid  rotor  the  formulas  for  amplitude  and  phase  of 
forced  vibrations  (3*164)  assume  the  form 


In  the  mode  u> 


2 


“lxAP 


we  have 


A  Aiuljr 


% 


i.e.,  in  a  rigid  rotor  on  hydrostatic  bearings  in  the  mode 
to  »  <o  /Sp,  the  amplitude  of  forced  vibrations  does  not  depend  on 
pressure  drop  in  the  bearings.  With  a  change  in  the  pressure  drop 
in  the  bearings  the  resonance  frequency  of  t*--.  rotor  also  changes. 


I 


3.2.  THERMOEMISSION  ENERGY  CONVERTER 

i 

'  l 

Converters  in  which  the  electrical  current  is  obtained  as  a  1 
result  of  the  emission  of  electrons  from  a  heaped  cathode  to  an 
anode  are  called  thermoemission  converters.  If  the  gap  between  the 
anode  and  the  cathode  is  a  pure  vacuum  and  does  not  contain  tvapors 

i 

of  any  element,  such  converters  are  called  thermoelec troriic. 

•  i 

A  thermoemission  converter  is  formed  with  a  hot  cathode  and  a 
cold  anode  arranged  opposite  each  other  with  a  small- gap.  *  With  an 
increase  in  cathode  temperature  the  kinetic  energy  of  the  electrons 
also  increases.  They  overcome  the  forces  of  attraction  of  the 
atomic  nuclei,  escape  from  the  surface,  and  form  an  electron  cloud  : 
around  the  cathode.  This  process  is  called  thermoemission.  1 

1 

After  flying  through  interelectron  gap  and  hitting  the  cold 
anode,  the  electrons  create  negative,  potential  on  it,  while  the 
cathode  is  charged  positively.  By  closing  the  circuit  electric  * 
current  is  obtained. 

;  i 

*  < 

If  the  gap  between  electrodes;  is  filled  with  vapors,  for  example, 
cesium  vapors,  such  a  converter  is  called  a  thermionic  converter.1 

These  converters  have  the  following  advantages. 

I  * 

Comparatively  high  efficiency.  In  present  developments  it  is 
determined  on  a  level  of  n  3  10—15%  and  in  the  future  can  reach 
hig  er  value  (this  efficiency  is  half  that  found  in  a  turbogenerator). 

Systems  with  thermionic  converters  are  appreciably  simpler, 
than  mechanical  converters.  They  are  simpler  in  design  and  lighter,’ 
since  they  do  not  contain  rotating  elements,  turbines,  or  complex 
devices.  ' 


‘Since  thermionic  converters  are  used  widely,  they  are  frequently 
called  simply  emission  converters. 

i 

t 

iJ06 


i 


1 


However,  the  use  of  thermionic  cohverters  still  involves  many 
difficulties  including  the  following. 

i  1  * 

Certain  problems  of  the  .operating  process 'of  converters  have 
been  poorly  studied.  1  :  : 

i  j 

,  Cathodes  6f  the  converters ,  operate  at  temperatures  above  1400°C 
In  contact  ^ith  cesium 'vapor  .whose  corrosiveness  is  well  known. 

,  .  *  !  i 

Under  these  conditions,  to  select  material  ^hich  will  operate  for 
a  long  period  of  time  is  difficult. 

'  i  i 

'  i 

The  anodes  of  converters, must  have  an  insulation  which,  on  the 
one  hand,  will  not  break  at  high  temperatures  and,  oh  the  other 
hand,  has  high  heat  conductivity  ‘for  cooling  the  anode.  Such 
insulating  material  is  difficult  to’  find.. 

«  *  I 

A  converter  is  more  effective  the  .Less  the  gap  between  the 
anode  and  the  cathode.  Th.e  gap  Is  0.01  mm  ar\d  reaches  0.5  mm  or 
more . ,  !  1 

»  ■ 

With  'such  a  comparatively  small  gap  thermal  strains  in  the 
converter  are  commensurate  with ’the  gap,  which  fact  complicates 
design.  ,  .  , 

i 

1 

And,  finally,  in  the  manufacture  of  thermionic  converters  many 
unresolved  technological  problems  arise  Which  determine  the  function¬ 
ality  of  the  design  (for  example,  to  solder  or  weld  multilayer  con¬ 
struction'  of  different  types' of  materials K1 

l 

All  the*  ■niortic  converters  can  be  broken  down  into  three  large 
groups  based  o.  design: 

!  converters  combined  with -.reactor  fuel  element; 

'  I 

‘converters  combined  with  a  radiator; 

converters  combined  with  a  heat  exchanger. 
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STRUCTURAL  DIAGRAMS  AND  DESIGN  OF  CONVERTERS 


A  thermionic  converter  combined  with  a  reactor 
fuel  element 

Figure  3 *  89  shows  the  design  of  such  a  converter.  The  fuel 
element  combined  with  this  converter  is  called  the  electrogenerating 
element.  As  is  seen  from  the  figure,  this  element  consists  of 
elements  of  the  fuel  element  itself  and  elements  of  the  converter. 

The  fuel  element  consists  of  the  fuel  pellets  (for  example, 

UC)  1,  the  fuel  shell  2,  the  neutron  moderator  3,  placed  into  a 
pressurized  cavity  of  two  shells  4  and  5  and  a  reflector  6.  The 
radial  reflector  is  not  shown  here  but  is  made  as  an  ordinary 
reflector  of  the  reactor.  Between  the  fuel  shell  and  the  reflector 
is  the  converter  which  consists  of  cathode  7  anu  its  insulation  8, 
anode  9  and  its  insulation  10. 

The  heat  flow  from  the  substance  being  divided  heats  the 
cathode  to  1300-2000°C.  The  gaseous  fission  products  of  the  fuel 
during  reactor  operation  are  carried  through  the  openings  in  the 
pellets  1,  the  shell  2,  and  the  commutation  busbar  11  through  the 
nozzle  12  to  the  outside.  The  liquid  metal  (sodium,  lithium) 
washing  the  shell  4  of  the  fuel  element  maintains  the  temperature 
of  the  anode  within  600-800°C. 

The  anode  and  cathode,  conn  ed  in  series,  have  openings  for 
the  passage  of  cesium  vapors,  which  ensures  the  neutralization  of 
the  space  charge.  Waste  cesium  through  the  opening  in  the  reflectors 
6  and  the  discharging  jet  13  is  carried  from  the  housing. 

Current  from  the  extreme  anode,  by  the  commutation  busbar  14 
and  rod  11;  enters  the  commutation  plate  15  installed  in  the  reactor 
tank  on  insulator  16. 

The  anode  can  be  made  from  stainless  steel,  niobium;  the  cathode 
from  molybdenum,  niobium;  the  commutation  elements  from  beryllium 
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copper;  the  retarder  from  metal  hydride;  the  reflector  from 
beryllium  oxide. 


I  f 

i 


5 


* 


* 

i 

\ 

l 


1 

i 


Fig.  3.89.  Diagram  of  a  thermionic  converter  combined 
with  a  reactor  fuel  element. 


The  combination  of  a  thermionic  converter  with  a  reactor  fuel 
element  has  irrefutable  advantages.  Among  them  is  the  very  light¬ 
weight  construction.  The  transmission  of  heat  to  the  thermionic 
cathode  is  accomplished  by  the  shortest  path,  which  allows  us  to 
use  a  low-temperature  anode  and  moderator  during  high  cathode 
temperature. 

The  design  allows  the  use  of  reactors  of  different  types  - 
high-speed  and  thermal.  The  development  of  a  system  with  a  large 
range  of  oower  is  possible. 

The  design  also  has  shortcomings:  the  reactor  fuel  element 
and  the  converter  are  a  permanent  ail-welded  structure,  organically 
involved  in  the  total  structure  of  the  reactor.  This  complicates 
its  finishing  and  testing. 
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In  the  creation  of  the  design  serious  technological  difficulties 
appear  because  it  is  necessary  to  connect  a  large  number  of 
heterogeneous  materials,  on  which  high  strength  and  tight-seal 
requirements  are  imposed. 

For  instance,  the  anode  package  is  a  complex  structural  element. 
In  it  the  shells  which  cover  the  substitute,  the  layer  of  insulation, 
and  the  anode  itself  have  been  assembled  and  should  operate  jointly. 

If  we  heat  these  shells  tc  the  same  temperature,  then  the  shells  made, 
for  example,  from  stainless  steel  will  so  expand  that  the  layer  of 
insulation,  for  example,  beryllium  oxide  which  has  a  coefficient  of 
linear  expansion  half  as  low,  will  be  extended.  And  since  beryllium 
oxide  has  low  tensile  strength,  it  can  crack  and  the  entire  unit 
go  out  of  operation.  In  order  to  overcome  this  disadvantage, 
contraction  stresses  should  be  created  in  the  beryllium  oxide  before 
installation  of  the  anode  package  in  the  reactor. 

A  thermionic  converter  combined  with  a  radiator 

Figure  3.90  shows  a  diagram  of  a  thermionic  converter  combined 

with  a  radiator.  The  converter  consists  of  the  cathode  1  installed 
$  1  5 

by  means  of  a  layer  of  beryllium  oxide  2  on  the  external  wall  3  of 
the  heat  trap  of  the  solar  concentrator.  For  uniform  heating  of 
all  anodes  the  converter  of  wall  3  is  heated  by  liquid  metal  for 
example,  aluminum,  sodium.  Anode  5-6,  which  is  also  the  radiator, 
is  installed  by  the  central  part  6  on  three  spherical  insulators  7 
of  aluminum  oxide  (Al^O^).  These  insulators  ensure  the  proper 
clearance  between  anode  and  cathode. 

The  anode  has  been  split  in  order  to  guarantee  the  soldering 
of  the  corrugated  membrane  8  to  the  insulator  9  which  serves  simul¬ 
taneously  a,s  the  bracing  spot  of  the  cathode  to  the  housing  of  the 
heat  trap. 

The  membrane  8  insulates  the  discharge  gap  from  outer  space. 

The  gap  is  filled  with  cesium  vapor  which  enters  during  cathode 


warm-up  from  the  accumulator  10.  The  accumulator  is  porous  metal, 
for  example,  nickel  impregnated  with  liquid  cesium  and  placed  in 
a  sealed  ampoule  welded  to  the  anode.  This  ensures  the  precise 
metering  of  cesium  in  the  gap  and  convenient  installation. 

The  anode  is  braced  to  the  housing  of  the  heat  trap  by  means 
of  an  elastic  element  11,  which  is  a  thin-wall  sealed  box  filled 
with  argon. 

The  anode  is  made  from  molybdenum,  the  cathode  from  tungsten, 
the  shell  of  the  heat  trap  from  molybdenum,  the  others  from  stainless 
steel,  the  insulators  from  aluminum  and  beryllium  oxide. 


Pis*  3*90.  Diagram  of  a  thermionic  converter  combined 
with  a  radiator, 


Such  a  thermionic  converter  design  has  certain  advantages.  It 
is  simple;  it  allows  theo finishing  of  the  converter  itself 
independent  of  the  energy  source. 


iJll 


The  oorteoming  in  this  design  is  the  impossibility  of  . 

obtaining  the  optimum  dimensions  of  the  converter.  ^ The  dimensions 

of  the  anode  and  the  radiating  surface,  are  close.  It  is  known 

that  the  maximum  power  which  can  be  taken  from  the  (radiating: surface 

*  2  * 

at  anode  temperatures  does  not  exceed  3  W/cm  .  Thus,  the  radiating 

i  :  i  , 

capacity  of  the  anode  surface  will  limit  the  structural  parameters. 

j  *  |  k 

The  use  of  a  nuclear  reactor  in  the  form  of  a  power  source 
in  this  diagram  leads  to  the  necessity  for  increasing  the  temperature 
of  the  liquid  metal  with  identical  converte'r  parameters  in  order 
to  compensate  the  heat  dissipation'  during  the  flow  of  the  working 
medium  along  the  pipes.  An  increase  in  the  temperature  of  the 
liquid  metal  in  the  reactor  is  undesirable  since  this  complicates 
the  design  of  the  most  important  unit  -  .the  power  plant  oft  the 
engine.  ,  ■ 

i 

I 

A  thermionic  converter  combined  wfth  a -.heat 

exchanger  .  !  1 

i  1  ! 

Such  a  converter  consists  of  ia  housing  (Pig.  3-91) >  two  tube 
boards,  and  a  set  of  electr^generatirtgselements .  * 

i 

1 

These  elements  consist  of  an  internal  hot  shell  1,  insulator 
2,  cathode  3j  anode  4,  insulator  5,  and  .outer  cylindrical  shell  6. 

1  '  i 

The  electrogenerating  element  is  attached  to  a  two-layer 
pipe  board  7,  8;  in  the  gap  between  the  payers  cesium  vapors  passr 

i 

The  heating  of  the  converter  is  accomplished  by  lithium  which, 
flowing  along  the  internal  cavity  of  the  shell  1,  releases  heat  ’to 
the  converter  cathode.  The  anode  can.be  cooled  by  sodium  which  1 
enters  two* collectors  9  of  the  heat  exchanger  housings  Since 
niobium  and  stainless  steel  weld  badly,  an  intermediate  ring  10 
is  provided  in  the  design.  The  electrical  current  from  all  cathodes 
is  collected  on  the  commutation  plate  11.  .  , 

1  ? 


I 


I 


I 
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Ag.  3.91.  .Diagram  of  a  thermionic  generator  combined 
with  a  heat  exchanger. 


Advantages  of  this  design  lie  in  the  ease  of  finishing  and 
operation.  Optimum  dimensions  jof  the  converter  can  be  selected 

I 

both  for  the  anode  and  cathode  ,because  the  'radiator  does  not  deter¬ 
mine  the  amount  of  heat  released;  the  heat  capacity  of  the  reactor  1 
is  not  connected  with  the  overall  size  of  the  anode  unit. 

1  i 

1 

Th'e  shortcomings  are  the  increased  thermal  mode  of  1  the  reactor 

and  the  large  mas£  of  the  entire  structure  as  compared  with  the 

earlier  examined  diagram.  :  / 

'  ‘  1  ' 

One  of  the  installatipns  described  with  a  poVrer  of  27  kW, 

has  cathodes  from  thoriated  tungsten  and  anodes  of  tungsten.  The 

neutralization  of  the  space  charge  is  accomplished  by  introducing 

cesium  plasma  into  the  clearances.  The  diameter  of  the  fuel  element 

of  uranium  carbide  is  d  =  2.5  mm.  The  combined  area  of  the  1  1 

ii  ,  *  *  , 

electrodes  is  S  =  2000,  cm  .,  Cathode  temperature  t'  =  1727°C  and 
anode  temperature  t  =  727°C.  The  value  of  specific  power  W  =  10 
W/cm2  and  instaliatiort  efficiency  n  =  9-7%,  mass  G  =  6^0  kg. 
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Pig.  3.92.  Ovei’all  view  of  reactor-generator:  1,  2  - 
current  leads;  3  -  regulating  rods;  4,  5  -  metal  input 
and  output  fittings;  6  -  emergency  rod;  7  -  fuel  elements; 

8  -  cesium  tank. 

Another  installation  has  a  power  of  =  300  kW.  The  sizl1  of 
the  active  zone  is  D  *  l  =  32  *  28  cm.  The  number  of  fuel  elements 
is  546,  reactor  mass  is  264  kg.  The  overall  efficiency  of  the 
insta’ilation  is  1255;  the  efficiency  of  the  thermoemission  elements 

p 

is  14$.  Specific  power  V/  =  11-12  W/cm  with  a  current  density 

p 

i  =  8  A/cm  .  Cathode  temperature  t((  =  l8l5°C  and  cathode  material 
is  UC-ZrC.  Anode  temperature  t  =  982-1094°C;  specific  mass 
Y  =  1.91  kg/kw.  The  overall  view  of  the  installation  is  shown  in 
Pig.  3.92. 

There  is  information  on  a  thermoemission  installation  where 

2  lip 

the  motive  power  is  a  radioisotope  of  curium  Cm  with  a  half  life 
of  162  days  and  a  heat-liberation  value  of  q  =  15  W/g.  This 
installation  with  a  power  of  N  =  100  W  has  a  cathode  area  of 
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s  =  80  cm2;  cathode  temperature  tH  =  927°C  and  anode  temperature 
ta  =  ^27°C.  The  mass  is  G  =  10  kg  and  operating  life  one  year. 

There  has  been  described  in  literature  [ill]  an  installation 
with  a  power  of  40  kW  and  pore  dimensions  of  D  x  L  =  119,5  x  120  cm 
without  a  heat  carrier. 


The  heat  passes  to  the  cathode  through  the  walls  and  from  the 
anode  is  released  into  space  by  radiation.  Temperatures  t  =  2027°C, 

fca  1^27  C,  ~  1227  C  [Hs/iysaT  =  radiation]  .  Voltage  is 

V  =  24-28  V. 


Pig.  3-93.  Structural  diagram  of  an  electrogenerating 
element. 

The  thermoemission  converter  combined  with  a  heat  trap,  whose 
structural  diagram  is  shown  in  Pig.  3.90,  has  the  following  basic 
parameters:  cathode  diameter  d  =  3.8  cm  radiator  10.2  cm2, 
tK  =  1827°C,  power  of  one  element  N  =  85  W,  current  I  =  64  A  when 
V  =  1.3  V; 'efficiency  n  =  15 %>  specific  mass  y  =  3.4  kg/kw.  The  . 
interelectron  gap  is  0.13  mm  and  the  anode  is  nickel.  Specific 
power  of  the  element  is  W  =  8  V/cm2 . 


Figure  3.93  is  a  diagram  of  an  electric  generating  element 
of  a  reactor  [52],  The  fuel  pellets  1  of  uranian  carbide  UC  have 
been  set  into  the  cathode  shell  of  converter  2,  made  as  one  with 
the  tungsten  anode.  Thermal  separation  of  the  cathode  and  the 
anode  is  provided  by  a  large  number  of  openings  3>  which  also 
serve  to  feed  cesium  vapor  into  the  gaps  of  the  converter.  Alignment 
of  converters  is  accomplished  by  washers  *1  and  rings  5  of  aluminum 
oxide  A120^.  These  elements  are  good  thermal  and  electrical 
insulators . 

Anodes  are  installed  in  cylindrical  shell  6  on  insulators  7 
of  BeO.  Commutation  current  is  ensured  by  rod  8  and  plate  9  of 
bronze.  The  material  of  the  end  reflectors  10  is  beryllium  oxide 
BeO.  The  electric  generating  element  is  fastened  to  load-bearing 
plate  11  by  welding;  diaphragm  12  serves  as  the  support  of  the  end 
of  the  element;  sodium  is  fed  and  bled  through  openings  13,  cesium 
through  openings  l1*.  Cross  section  A-A  shows  the  channel  in  the 
end  reflector  for  the  passage  of  cesium  vapor. 

Figure  3 - 91*  is  another  diagram  for  an  electric  generating 
elem^fit  of  a  reactor.  *  * 

The  fuel  pellets  1  are  installed  in  the  shell  of  cathode  3 
which  is  made  as  one  with  anode  5.  The  shell  of  the  cathode 
rests  with  one  end  on  insulating  disk  *1.  Anodes  5,  by  means  of 
insulator  6,  are  placed  in  pipes  7  and  9,  which  limit  the  moderator 
8.  End  reflector  2  is  also  placed  along  the  edges  in  pipe  9. 

One  end  of  the  electric  generator  is  attached  to  load-bearing 
plates  11  by  welding,  the  other  rests  on  diaphragm  1*).  The  current 
is  switched  by  rods  10  and  plates  12  insulated  from  the  reactor 
by  disks  13. 

Stress  analysis  of  converter  parts 

Many  converter  parts  are  similar  to  reactor  parts;  therefore, 
they  should  be  studied  according  to  the  methodology  presented  in 
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Chapter  II.  A  new  element  is  the  anode  unit  which  experiences 
thermal  stresses. 


Fig.  3-9*J.  Structural  diagram  of  an  electric  generating  element: 

1  -  fuel;  2  -  end  reflector;  3  -  cathode-anode;  k  -  insulating  disk; 
5  -  molybdenum  disk;  6  -  insulating  layers;  7-9  -  steel  shells; 

8  -  moderator;  10,  12  -  switching  rod  and  plate;  11  -  support  plate 
of  reactor;  13  -  insulator;  l1/  -  support  plate  of  reactor;  15  - 
cesium  input  and  output;  16  -  lithium  input  and  output. 


Analysis  of  thermal  stresses  in  the  anode 
package 

i  l  i  J 

The  anode  package  is  a  multilayer  cylindrical  shell  which 

experiences  thermal  stresses  during  warmup  and  operation. 


Let  us  analyze  the  thermal  stresses  of  a  three-layer  shell 
shown  in  Pig.  3*95a.  The  initial  data  are  given:  geometric 
dimensions,  material,  temperature  gradient  throughout  the  thickness 
of  the  package.  V/e  should  find  the  stresses  a^,  a^,,,  a^.  Our 
analysis  is  based <n  the  assumption  that  tne  shells  are  tightly 
soldered  to  each  other.  V/e  shaa.1  disregard  stresses  arising  in 
the  axial  direction,  i.e.,  oxl  =  0.  This  assumption  is  permissible 
in  the  first  rough  calculation  which  we  shall  study.  Also  we  shall 
disregard  the  differences  in  the  shell  radii,  assuming  R^  =  = 

=  =  R* 
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We  shall  set  up  one  of  ihe  shell  sections  arbitrarily  (Pig. 

3- 95b)  and  examine  strain  in  the  package  relative  to  this  section. 
Obviously  common  deformation  of  the  rings  can  be  simply  represented, 
as  shown  in  Fig.  3.95b.  Prom  the  figure  it  is  apparent  that  thermal 
stress  of  the  package  leads  to  an  increase  in  radius  R.  On  the 
other  hand,  common  deformation  leads  to  the  appearance  of  different 
reactive  forces  P  of  the  layers  (Pig.  3.95c).  It  is  known  that 
with  thermal  strain  the  full  strain  is 

h  n  =  hu  +  s/» 

where  et  =  aAt;  At  =  t-^-tg. 

Since  =  a  /E,  then 

cpy  q> 


Fig.  3.95.  Calculation  of  the  anode  package. 


Conditions  of  strain  compatibility  in  the  circular  direction 


-?nl  888  e;n2  —  ef n3  —  e?n  *  » 

2*«-  o- 

*»1 


if  We  assume  that 


(3.168) 


_  _Pl  ■ 
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where  k  is  any  k-th  layer  (number  of  layers  i;  1  <  k  <_  i).  Obviously, 
these  two  conditions  make  it  possible  to  solve  the  problem  posed. 

If  we  substitute  the  equation  (3.167)  into  (3.168),  we  obtain 


+ a  j  4"  a2  ^2» 

£1  £2 

-p-1  -f  a  i  A^i = -pr  -j-  a3  ^3»  . 

£1  £3 

4"  °?2^2  4“  3?3^3  =0. 


(3.169) 


Let  us  represent  this  system  in  the  form 


£23?i — £1^ = £i£2  (a2A/2 — a,  a/,); 

^33ri  —Eftt =E\EZ  (a3^3 — a,  a(j); 

a<f\h\  4~  °92^2  4*  c?3/?3  =•  C. 


(3-170) 


If  we  solve  the  system  relative  to  the  unknown  stresses 


°<pl’  °<p2 *  °<p3’  we  obtain 


At  .  .  AjT* 

°9,==T  a?2^f;  °93=:f  ’ 


where 
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t 


E  _ E  0  > 

A  =  E3,  0  —  £, 

h\,  Aj,  ^3  . 

Ai=^il^2(a2A^~a1A^)+^3//3(a3^3~ai^i)]; 

A2=  £  ,£2  l^i  («iA^i- a2A/2)  +  £AMi  “  aaA/2)]; '  $ 

A3 = £.£3 [£i//j  (a,  Aft  -  a3A^)+£2*2 (ajA^-  u3A^)]. 


Hence 


_E  £.,fto (ct2i/2 -  a;A/i)  +  E2hz(a^ta —  a)A'i) . 

**  *  E\h\  +  E^hi  *|*  £3^3 

_p  £j/»i  (aiAfr  —  ajA^o)  +  £3*3 (<*3-^3  —  02-^2)  . 

“  £1*1  +  £2^2  4*  £3^3 


0^1  —  £3 


£^3  (0t|  A^|  —  (t 3^3)  -f*  £gfy>  ((t2-^2  —  03^^) 
£1*1  +  £2^2  +  £3^3 


The  stress  in  the  k-th  layer  of  an  i-layer  shell  is 


J  .  £ - Ek 


V  £,/;/(a,A//-ati/ft) 
l _ 

S  ft*. 

1 


(3.171) 


where  the  subscripts  k,  i  are  the  numbers  1,  2,  ...,  k,  ...,  i,  which 
is  the  solution  to  the  problem. 

1 

The  first  evaluation  of  shell  strength  can  be  the  general 
formula  for  the  safety  factor 


..  ^ 

It  —  * 

mo* 


where  n  >  1.1, 
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3.3.'  THERMOELECTRIC  AND  PHOTOELECTRIC 
CONVERTERS  f 

i  < 

•  !  »  .  , 

The  pperation  of  a  thermoelectric  converter  is  based  on  the 
thermoelectric  effect.'  If  in  a  closed  circuit,  for  example,  of 
two  different ' semiconductors ,  we  heat  one  junction  and  cool  the 
other, >a  potential  difference  arises  between  them. 

•  i 

Thermoelectric  converters ,have  a  number  of  advantages.  They 

i 

are  comparatively  simple  in  design  since  they  do  not  contain  rotating 
unbalanced  parts,  as,  for  example,  mechanical  converters,  and  the 
operating  process  is  performed  at  low  temperature,  which  simplifies 
itheir  use.  .  , 

i  i 

:  Disadvantages  are  :as  follows-. 

i  ’  1  i  1 

‘  Low  efficiency.  In  present  power  plants  it  is  2-455.  This  is 
very  low  efficiency  for  power  plants  used  in  an  extraterrestrial 
e,ngine.  1  ! 

All  semiconductor  materials  of  the  converters  sublimate  in 
outer  space;  therefore,  they  must  b^  'protected.  }  1 

i 

•  They  have  high  specifi^ weight!  regardless  of  the  capacity  of 
the  power  plant. 

,  , 

Since  the  mas."  of  the  power  plartt  is  proportional  to  its  power, 
these  converters  are  used  for  generators  of  low  and  medium  powers 
(up  to  5  kW). 

!  ’  ,  '  ■ 

We  present  a  table  of  the  main  semiconductors  used  in  extra¬ 
terrestrial  electric |  rocket  engines  (Table  34)  (41],  [ 46] . 

\  • 

1  > 

!  As  is  apparent  from, the  table,  the  gerranium-silicon  element 
operates  at  comparatively  high  temperatures  of  the  cold  and  hot 
junction,  is  the  most  stable  of  all  others  in  vacuum,  but  has  the 

I  I 

I 
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worst  efficiency.  In  the  table  the  products  of  the  quality  factor 
z  times  the  temperature  of  the  hot  junction  (t  °C),  which 
characterize  the  efficiency  of  the  element,  are  presented. 


Table  3.4. 


\  i 

Haii.Mcrr.iinmie  no.iyiipoBo.iiiiiKa 

(7 )  ropM.iineKpe.Miiiienbiii 

(8)  Cm  imoBore.i.iypr  Bhi'i 

(9)  repvaiuieKne.Mni:enuii,  cnrimn- 
BOTen.-iypopir'i 

C 10 )  CmpmoBoo.ioBOTe.i.iy  poBbiii 


14),Tem??ratu^ex°Cj  (2)  Semiconductors;  (3)  Formula; 
/?!  ~old  Jync tion ;  (5)  hot  junction;  (6)  Quality  factor  zt; 
(7)  Germanium-silicon;  (8)  Lead  telluride;  (9)  Germanium- 
silicon,  lead  telluride;  (10)  Lead-tin  telluride. 


(3) 

Te.Miiep.nypM  °C 

HofjpOT- 

<Jjop.My.m 

xn.io.Hin- 
ro  cima 
_/  in 

ropmiero 

cnan 

.(5) 

llOCTb 

Zt 

.(6) 

GeSi 

2f-:o 

850 

0,6 

• 

| 

800 

0,4 

PbTe 

175 

530 

1.0 

O 

o 

TT 

1.0 

GeSiPbTe 

247 

820 

0,8 

800 

0.8 

PbSnTe 

2C0 

650 

'  1,0 

| 

i 

650 

0,9 

>  i 

A  lead  telluride  element  has  high  efficiency  but  is  not  stable 
m  vacuum;  the  temperature  of  the  cold  junction  is  low,  which  makes 
the  radiator  heavy.  Two  other  elements  have  average  properties  as 
compared  with  the  first  two. 


Let  us  examine  the  classification  of  thermoelectric  converters. 
Based  on  the  structural  diagram,  they  are  made  on  converters  which 
are  combined  with  a  nuclear  reactor  or  an  isotopic  source  of  heat, 
converters  combined  with  a  radiator,  and  converters  combined  with 
a  heat  exchanger. 


STRUCTURAL  DIAGRAMS  AND  DESIGN  OF  CONVERTERS 


Thermoelectric  converter  combined  with  an 
isotopic  source  and  a  radiator 

As  is  seen  from  Fig.  3 . 9 6 3  the  heat  source  in  this  design  is 
a  radioactive  isotope  1  located  in  ampoule  2  and  transmitting  heat 
to  the  hot  junction  of  the  converter  through  the  heat-conductive 
packing  3  and  the  heat-conductive  shell  Semiconductor  elements 
5  are  installed  on  insulators  6  and  are  contained  in  hermetically 
sealed  shell  7,  which  is  also  the  radiator  of  the  device. 

The  materials  in  this  design  include  the  following:  shells, 
stainless  steel  or  molybdenum;  insulators,  beryllium  oxide;  heat- 
conductive  material,  beryllium.  Since  the  housing  is  sealed,  it 
is  possible  to  use  the  highly  effective  lead  telluride  element. 

The  advantages  of  such  a  design  are  its  simple  and  lightweight 
nature;  the  disadvantage  lies  in  the  fact  that  it  is  difficult  to 
combine  in  one  structure  optimal  cold-junction  temperature,  which 
is  determined  by  the  size  of  the  radiating  surface,  and  optimal 
hot-junction  temperature,  which  is  determined  by  the  power  of -the 
source  and  the  heat-conducting  capacity  of  many  materials.  We 
should  keep  in  mind  that  the  radiating  ability  of  the  converter’s 
surface  is  not  high.  Obviously,  it  is  difficult  to  ln;roduce  the 
necessary  parameters  into  this  design  since  it  is  not  easy  to  separate 
into  separate  elements. 

Solar  thermoelectric  converter  combined  with 
radi ator 

A  design  using  solar  energy  to  heat  the  hot  junction  of  the 
heat  generator  is  shown  in  Fig.  3.97. 

Sun  rays  passing  through  the  transparent  cover  1  of  silicon 
oxide  heat  the  heat-conductive  plate  2  of  molybdenum  or  aluminum 
and  the  hot  junction  p-n  of  element  3. 


I 


Pig.  3.96.  Diagram  of  a  thermo-  Pig.  3.97.  Diagram  of  a  thermo¬ 
electric  converter  combined  with  electric  converter  combined  with 
an  energy  source  and  a  radiator,  a  radiator. 

.The  heat  passing  through  the  p-n  element  proceeds  toward  its 
cold  junction.  To  avoid  dissipation,  all  p-n  elements  are  placed 
in  Insulation  usually  fiber  glass.  Prom  the  cold  junction  the 
heat  is  removed  by  plate  5.  which  has  good  heat  conductivity,  and 
then  by  the  brass  honeycomb  6,  which  creates  a  stiff  housing  for 
the  entire  structure  and  is  filled  with  heat-conductive  materials 
for  withdi'awing  heat  from  the  radiating  surface  of  the  converter  7. 
The  radiator  7  is  also  covered  with  a  thin  layer  of  silicon  oxide 
8  to  protect  the  surface  from  damage.  As  seen  from  the  figure,  this 
device  is  not  very  thick,  which  ensures  its  successful  use  in 
auxiliary  power  plants. 

Thermoelectric  converter  combined  with  heat 
exchange 

A  thermoelectric  converter  (Fig.  3.98)  consists  of  shells  1 
and  3,  connected  by  corrugated  spacer  2,  insulator  h,  and  a  unit  of 
p-n  elements. 


In  the  figure  we  see  internal  commutation  5  of  the  stubs  of 
semiconductors  and  layer  6  which  ensures  the  connection  between 
the  different  materials.  The  plates  5  are  made  of  molybdenum; 
the  unit  of  p-n  elements  has  the  properties  of  ceramic  materials. 
The  space  between  the  stubs  is  filled  with  insulation  7. 

The  shell  material  is  stainless  steel  or  niobium  depending 
upon  the  wooing  medium.  The  insulator  is  made  from  beryllium 
oxide,  the  internal  commutation  from  molybdenum,  the  external  from 
beryllium  bronze,  and  the  insulation  from  glass  wool. 


The  advantage  of  this  design  is  the  optimal  temperatures  of 
the  cold  and  hot  junction,  the  possibility  of  finishing  the  converter 
in  a  "pure"  form  without  other  parts  of  the  installation,  the 
possibility  of  giving  a  transformer  unit  any  applicable  shape  - 
flat,  axisymmetric,  etc. 


Pig.  3.98.  A  thermoelectric 
converter  combined  with  a  heat 
exchanger. 


We  know  of  a  design  [ill]  of  thermoelectric  generator  which  is 
mounted  on  a  reactor  without  a  liquid  heat- transfer  agent.  The 
reactor  has  a  cylindrical  core  consisting  of  fuel  elements  in  the 

O  OC 

form  of  prates  of  uranium  dicarbide  UC2  with  90$  U  enrichment 

and  graphite.  The  charge  of  U2^5  is  *J9  kg.  The  core  with  maximum 
temperature  in  the  center  of  1770°C  is  circled  by  a  radial  reflector 
of  beryllium  with  four  control  rods  located  in  the  reflector. 


I  l  , 

A  thermoelectric  converter  consists  of  several  thousand  semi¬ 
conductors  filled  with  germanium-si'licon  alloy,  arranged  on  the 
outer  surface  of  the  reactor  housing,  having  a  temperature  of 

i  •  l  « 

1000°C.  The  thermoelectric  generator  has’  four  groups,  :each  df  which 
includes  four  parallel  circuits  of  thermoelements .  *The 'power  of 

1  ,  1  J 

the  converter  is  N  =  500  W  with  a  current  intensity  of  I  =  88  A. 

Heat  removal  is  effected  by  cooling  fins.  The  operating  time  of 
the  installation  is  4000  hours.  The  design  of  separate  elements  of 
the  installation  is  shown  in  Fig.  ’3. 99. 

i 

Soldering  (surfaces  r,  X)  is  a  possible  !method  of1  connecting 
the  semiconductor  elements  with  the  hot  2'  and  c'old  3  units.  t 

The  purpose  of  the  sylphon  4  in  this  desigmis  to  hermetically 
seal  the  cavity  of  the  semiconductors.  The  main  disadvantage  of 
this  unit  is  the  difficulty  involved  in  soldering  va  large  number  , 
of  unlike  elements. 


Fig.  3-99.  Design  of  thermo-  Fig.  3.100.  ■  Design  df  a  dismount- 

electric  converter  elements.  able  thermoelectric  converter. 
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Figure  3.100  shows  a  simpler  design  for  the  unit  connecting 

*  I  * 

the  converters  with .the  housing  parts. '  The  hot  surface  of  the 

it;  ) 

converter  1  and  the  hot  surface  of  the  housing  2  are  not  soldered.  ,■ 

A  parting  of  the  design 'alopg  the  hot  joint,  while  simplifing 
construction,  leads  to  considerably  higher  heat  looses  than'would  !  < 
occur  in  the  previous  case.  s\he  construction  of  a  double  sylphon 
*1  provides  a  se$l  f<pr  thei  cavity  of  the  semi’condtfctor  elements 
and  sufficient  reinforcement  of  converter  unit  clamping  during 
warmup.  ■  >  .  , 

i  i 

Figure  3.101  showsi  another  method  of,  joining  the  converter  with, 
i  the  housing  parts.  Semicondpctors  1  are  tightly  soldered  to  the 
hot  2  and  co'ld  3  shells  of  the  housing. 

>  » 

‘  i  |  '  .  '  * 

Shell  2  is  heated  by  liquid  sodium,  which  is  located  in  cavity 

•  »  I 

‘6.  Corrugated  element  4  compensates  for  the  thermal  strains  o,f  the 
unit.  '  '  '  . 

I 

1  I 

j  • 

Variation  in  £he  volume  of  sodium  during  warmup  is  compensated 

i 

bys  the  corrugated  element  5-  .This  same  element,) by  moving  wall  6 
during  warmup with  folds  7  provides  thermal  power  control. i  The 

,  i 

reverse  motion  of  wall  6  is  accomplished  by  pneumatic  spring  8. 

i  i  ,  1 

1  ■  ■ 

From^ literary  sources  [41]'  the  following  data  on  thermoelectric 
generators  are  known:  operating  temperatures  TJ  =582-593°C; 

T  =  177-209°C;  useful  power  N  =  3-5  W;  heat  source  power 

;  i  i 

Nt  =  96  W,  efficiency  n  =  The  battery  consists  of ,27  thermo¬ 

element^  of  lead  solenoid  and. provides  voltkge  V  =  2. 5-2. 8  V.  , 

Another  installation  has  a  useful  power  of  N  =  250  W.  '  Thermo¬ 
electric  elements  are  made  (of  PbTe  (n-type)  -  GeBiTe  '(p-type);  ,they 
are  installed  'on  the  outer  surface  of  a  peactor  housing  (,32  groups  1 
of  elements,  2^  pieces  'in  each  group).  All  768  elemehts  provide 
a  voltage  of  28  V;  T  =  6lM°c ;  Tv  =  3^°C.  ' 

•  i  r  ,i  a 

’  i 

•  » 

1  ■  i  * 

*  .1 

»  »  *  , 
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Fig.  3.101.  Controllable  thermoelectric  converter. 

The  following  data  pertains  to  a  thermoelectric  generator 
combined  with  a  radiator  (Fig.  3.102):  thermal  power  of  the  reactor 
35  Kw,  electrical  power  500  W  with  a  voltage  of  28.5  V.  Converters 
are  made  of  GeSi;  temperature  drop  is  from  *168  to  310°C.  The 
generator  consists  of  1*1,1100  elements  which  provide  a  power  of 
0.37  W  and  a  voltage  of  0.1  V  each.  The  operating  time  of  the 
installation  is  1  year. 

*128 


Fig.  3.102.  Thermoelectric  generator  combined  with  a 
radiator:  1  -  reactor;  2  -  radiator;  3  -  thermoemission 
power  converters;  4  -  piping. 


Fig.  3.103.  Generating  element. 

A  unit  of  each  generating  element  (Fig.  3.103)  consists  of 
its  own  converter  1,  piping  with  liquid  hot  metal  2,  radiator  3. 
The  shape  of  the  piping  2  is  cyl.'.  'drical  to  reduce  the  heat  loss 
and  evaporation;  a  compensator  for  thermal  strain  in  the  form  of 
corrugation  is  welded  to  the  radiator  3. 


Photoelectric  Converters 


In  a  photoelectric  converter ,  frequently  called  a  solar  battery, 
potential  difference  between  positive  and  negative  parts  of  the 
semiconductor  arises  under  the  effect  of  light  quanta.  This  is 
caused  by  photons  knocking  out  a  certain  number  of  free  electrons. 

Photoelectric  vonverters  are  a  widely  known  type  of  converter 
for  low  electrical  powers.  They  are  widely  used  in  various  space 
vehicles.  Their  advantages  are  the  following:  they  are  simple  in 
design  and  operation,  provide  "free"  solar  energy,  and,  therefore, 
in  some  cases  are  irreplaceable. 


Fig.  3-104.  Design  of  a  photoelement. 
KEY:  (1)  Light. 


The  disadvantages  are  the  drop  in  efficiency  of  these  elements 
as  a  result  of  their  irradiation  in  space  by  flows  of  charged 
particles  and  the  change  ir.  the  composition  and  properties  of  a 
semiconductor,  as  well  as  the  degrading  of  the  photoelectric  proper¬ 
ties  of  elements  upon  an  increase  in  their  temperature.  It  is 
known  that  heating  an  element  by  80°C  leads  to  a  triple  drop  in  its 
power. 

A  photoelectric  converter  is  made  of  selenium,  germanium,  or 
silicon  semiconducting  elements.  The  most  widespread  are  silicon 
elements  because  of  their  good  spectral  sensitivity  to  solar  radiation 
and  also  the  highest  specific  power. 
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Photoelement  energy,  by  which  we  mean  the  ratio  of  useful 
power  to  the  power  of  the  incident  light,  is  determined  by  a  number 
of  factors: 

-  the  spectrum  of  the  incident  light, 

-  the  optical  properties  of  the  surface, 

-  the  technological  factors  and  the  quality  of  the  semi¬ 
conductors  . 

Photoelement  efficiency  is  7-10 %  [46];  the  efficiency  of  a 
power  plant  on  photoelements  reaches  4%.  The  voltage  in  these 
elements  is  V  =  0.4  V;  current  density  is  i  =  1. 8* io-2-5* 10~2  a/cm2; 
specific  power  is  W  =  0.72*10“2-2.0  x  10"2  W/cm2. 

Figure  3.104  shows  a  single  photoelement.  As  is  apparent  from 
the  figure,  the  photoelement  is  a  multilayer  ceramic  plate.  On  top 
on  the  working  side,  it  is  covered  with  a  glass-like  optically 
transparent  composition  1,  which  strengthens  and  protects  the  element 
from  the  effect  of  outer  space.  Also  provided  are  an  interference  * 
filter  2,  a  binding  substance  3,  a  semiconductor  of  the  4p-type, 
a  semiconductor  of  the  5n-type,  and  commutation  plates  6  and  7. 

The  base  of  the  element  is  a  silicon  plate  5  with  a  large 
nui  ber  of  n-type  Impurities.  On  the  top  is  a  thin  layer  4  of  p-type 
material.  Layer  thickness  is  several  microns.  Electrodes  are 
soldered:  at  the  bottom,  plates  6  to  the  entire  width  of  the  element; 
at  the  top,  only  strip  7  to  the  p-element.  Weld^g  performed 
after  the  application  of  the  nickel  coating  to  connect  the  ceramics 
with  the  metal. 

An  external  load  is  connected  to  these  contacts.  During  the 
illumination  of  the  photoelectric  converter  a  positive  current 
proceeds  from  the  upper  contact  through  the  load  to  the  lower  contact. 

2 

The  battery  of  the  photoelements,  with  an  area  of  1  m  and  a 
? 

useful  area  of  0.7  m  ,  located  in  a  flow  of  solar  radiation  with 

2 

density  S  =  1000  W/m  ,  makes  it  possible  to  obtain  electrical  power 
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of  *10  W  with  allowance  for  all  losses.  The  mass  of  the  battery  is 
10  kg.  The  operating  time  is  one  and  a  half  years. 


A-A 
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Fig.  3.105.  Battery  of  a  photoelectric  generator. 

Figure  3.105  is  a  possible  version  of  the  design  of  such  a 
battery.  The  photoelements  1  are  placed  in  housing  2  of  a  light¬ 
weight  alloy  by  Insulating  layers  3  and  H.  Layer  5  of  a  lightweight 
corrugated  foil  provides  the  necessary  panel  stiffness.  __ _ _ 

We  know  [Hi]  the  parameters  of  batteries  being  developed  or 
being  used  on  various  earth  satellites.  The  battery  for  a  space 
vehicle  has  the  following  data:  area  2.76  m2,  power  150  W,  mass 

p 

3H  kg.  Other  photobatteries  have  an  area  of  21  m  ,  electrical 
power  up  to  1  kW,  and  a  mass  of  130  kg. 

In  conclusion  we  should  mention  that  it  is  advisable  to  use 
photoelectric  converters  at  comparatively  low  power  (up  to  1  kW) 
and  an  operating  period  up  to  2  years. 
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CHAPTER  IV 


HEAT  EXCHANGERS 
4.1.  RADIATOR-COOLERS 

The  purpose  of  a  radiator  cooler  is  to  release  heat  into  outer 
space. 

The  radiator  is  an  integral  part  of  a  space  power  plant  since 
heat  radiation  is  the  only  method  of  heat  exchange  in  outer  space. 

The  radiator  in  size  and  weight  occupies  a  considerable  space 
in  the  power  plant.  Radiator  designs  frequently  determine  the 
effectiveness  of  the  power  plant  as  a  whole  and  should  be  based  on 
the  following  considerations. 

Radiator  dimensions  are  inversely  proportional  to  the  fourth 
power  of  its  surface  temperature.  Therefore,  the  temperature  of 
the  radiator  must  be  the  highest  possible  in  order  to  reduce  its 
weight  and  size. 

Under  launching  conditions  the  radiator  must  have  the  smallest 

dimensions  possible  for  Installation  in  the  carrier  rocket.  It 

must  satisfy  conditions  of  vibrational  stability  and  pressurization. 
\ 

In  outer  space  the  radiator  must  occupy  a  position  which  is  shaded 
by  the  reactor  shield.  Devices  are  provided  which  shut  off  a 
certain  section  of  the  cooler  when  the  pressurization  has  been 
impaired  due  to  meteorite  punctures  or  other  factors. 


Radiator  coolers  are  divided  into  several  groups  baped  on  their 
structural  diagram.  With  respect  to  the  physical  state  of  the  heat- 
transfer  agent,  coolers  are  broken  down  into  coolers  with  liquid 
and  coolers  with  gas  heat-transfer  agent.  Extraterrestrial  'rocket  • 
engines  usually  use  liquid-metal  coolers  in  which  the  heat  carriers 
are  metals.  There  are  coolers  with  heat  transfer  by  s'olid' walls 
with  no  liquid  heat  carrier  in  the  system. 

i 

Based  on  the  component  diagram,  all  coolers  can  be  divided  into 
folding  and  unfolding. 

* 

Each  of  these  designs  can  be  made  independent  of  the  other, 
design  elements,  but  can  be  combined  with  various  units  of. the  power 
plant  or  power  converters.  !  s 

Finally,  liquid-metal  radiators  can  have  a  sirgle-phase  or 

,  i 

multi-phase  working  medium,  for  example,  two-phase  when  the  radiator- 
cooler  is  combined  with  a  condenser  and  liquid  metal  is  in  the  liquid 
and  vapor  state.  Let  us  examine  several  typical  structural  diagrams 
for  radiator-coolers. 

STRUCTURAL  DIAGRAMS  OF  RADIATOR-COOLERS 

Conical  rigid  unfolding  radiators 

Figure  ^.l  presents  the  diagram  of  such  a  radiator.  It  con'sists 
of  two  collectors  1  to  which  liquid  metal  flowing  along  the  pipes  2 
is  fed  and  drained.  Pipes  2  are  welded  with  radiating  membrane  3 
and,  for  rigidity,  are  fixed  by  frame  A.  Shield  5  Js  installed  on 
the  inside  of  the  radiator  to  protect  the  elements  within. 

The  advantages  of  this  radiator  are  the  design  simplicity 
and  the  possibility  of  using  automatic  welding  for  the  units  and 
elements . 


Fig.  4.1.  Conical  'rigid  unfplding'  radiator. 
l  ' 

‘  i  *  I 

the  disadvantages  arje  the  comparatively  heavy  construction 
and-  the  ineffective  use  of  the  surface  of  radiation  -  heat  exchange 
is  performed  on  one  side.  The  large  space,  inside > the  radiator  is 
virtually 'unused.  Sometimes,  in  this  space,  starting  .pumps  and 
heat  compensation  tanks  are  installed;  however,  the  completely 
empty  space  is  n<pt  used.  Such  a  design  is  applicable  for  low-power 
extraterrestrial  rocket  engines  [ERE].'  Radiator  dimensions  are 
outlined  in  the  fairing  of  the  launching  carrier  rockets. 


i  There  are  considerable  temperat  .re  gradients  and,  consequently , 

stresses  in  the  radiator  in  working  mpde.  We  should  consider  this 
factor  when  the  radiator 'is  switched  to  the. power  circuit  of  the 
■  power  unit;  analysis  should  also  include  launching  conditions  if 

i1  >  ,  ■ 

;  the  radiator  is  receiving  launching  ^.oads. 


I 

Conical  flexible  unfolding  radiators 

i  ■  ,  • 

l  : 

'in  this  diagram  (Fig.  4.2)  the  pipes  2  carrying  the  heat-transfer 


agent  and  collectors  1  are  welded  into  one  unit,  which  bears  no  load 


I  N  t 

during  launch'  except  tjhe  load  of  its  own  mass.  In  the  operating 
state  the  pipes  experience'  thermal  stresses  which  must  be  calculated. 


Pig.  k.2.  A  conical  flexible  unfolding  radiator. 

The  stressed  frame  which  connects  the  radiator  with  other 
elements  is  a  closed  thin-wall  conical  shell  3,  which,  in  order  to 
increase  rigidity,  is  under  the  pressure  of  neutral  gas.  The  shell 
has  rigid  flanges  *».  The  side  surface  of  the  shell  is  a  supplementary 
radiating  surface.  The  shell  is  welded  to  one  of  the  collectors. 

The  advantages  of  this  system  is  the  low  weight  of  the  radiator 
and  the  possibility  of  reducing  thermal  strains  as  compared  with 
the  preceding  diagram.  The  disadvantage  is  the  one-sided  use  of 
the  radiation  surface.  This  diagram,  as  the  preceding  can  be  used 
in  a  low-power  ERE. 

Flat  unfolding  radiators 

These  radiators  (Fig.  *1.3)  consist  of  two  collectors  1  to  which 
the  r  tal  is  fed  and  drained,  cooling  pipes  2  to  which  ^he  radiating 
surfa  es  3 'are  soldered.  Each  plane  of  the  radiator  consists  of 
several  (four  on  the  diagram)  panel  sections  connected  by  hinge  *1 


The  hinge  and  its  gasket  5,  6  provides  for  the  hermetic  seal 
of  the  radiator  in  launch  conditions,  the  folding  of  the  radiator 
and  the  hermetic  seal  and  attachment  of  the  sections  in  working 
folded  conditions.  Usually  there  are  valves  in  the  hinge  unit 
which  cut  off  the  output  of  liquid  metal  when  a  radiator  pipe  is 
punctured. 


Pig.  4.3.  A  flat  unfolding  radiator. 

The  two  planes  of  the  radiator  in  launch  position  are  folded 
along  the  axis  of  symmetry  and  are  kept  from  unfolding  by  a  light 
she1!  which  is  ejected  in  space. 

The  advantage  of  this  design  is  the  possibility  of  obtaining 
an  effective  radiator  of  practically  any  size.  The  .wo-dimensional 
shape  of  the  radiator  is  convenient  for  the  best  use  of  the  radiating 

surfaces  and  for  protecting  the  reactor  from  radiation. 

\ 

A  disadvantage  of  this  design  is  its  great  complexity  as 
compared  with  the  previous  design  discussed.  Metal  losses  are 
inevitable  when  unfolding  to  operating  mode  in  space. 


Folding  conical'  radiators 

As  seen  from  Pig.  4.4,  these  radiators  consist  of  a  toroidal 
frame  combined  with  collectors  1  and  2,  radiator  panels  3,  hinges  *1, 
and  flexible  elements  5. 


Pig;  4.4.  Folding  conical  radiator. 
KEY.:  (1)  View. 


In  the  launch  state  (Fig.  4.4a  and  b)  radiator  panels  3  have 
the  same  contours  as  the  carrier  rocket  fairing.  In  operating  state 
the  panels  unfold  at  hinge  4  of  "dry"  design,  without  being  washed 
by  liquid  metal,  which  is  an  advantage.  The  seal  of  the  panels  and 
collectors  1  and  2  is  effected  by  corrugated  element  5.  The  pipes 
and  the  membranes  of  panel  3  are  made  as  in  the  earlier  discussed 
diagram. 

The  advantage  of  this  radiator  is  the  comparatively  simple 
design.  The  entire  surface  is  used  for  radiation.  There  is  no  metal 
loss  in  the  unfolding  mode. 

The  disadvantage  is  the  difficulty  in  protecting  the  radiator  from 
reactor  radiation;  therefore,  its  use  is  limited  to  power  plants  where 
the  irradiation  is  permissible.  Tt«s  comparatively  large  mass  is  also 
a  disadvantage.  This  radiator  is  used  in  low-power  installations. 
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High-power  unfolding  conical  radiators 

A  conical  radiator  (Fig.  4.5)  folds  along-  collector  1  located 
perpendicularly  to  the  axis  of  symmetry  of  the  radiator.  The 
diagram  shows  the  flow  of  the  working  medium  along  pipes  2  connected 
by  connecting  pieces  3* 

The  advantages  of  this  radiator  are  the  small  launching  size, 
the  almost  complete  use  of  the  surface  for  radiation  *  and  the  good 
positioning  of  the  radiator  relative  to  the  shade  screen  of  the 
reactor.  We  should  note  only  the  somewhat  complex  design  of  the 
radiator  as  a  whole. 


Radiators  combined  with  thermoelectric  power 
converters 

The  diagram  (Fig.  4.6)  gives  an  example  of  such  a  radiator. 

Heat  removal  is  accomplished  by  fin  1,  made  of  aluminum  and  protected 
from  sublimation  in  vacuum  by  a  special  coating.  Heat  passes  to 
the  radiator  along  a  brass  stub  2,  soldered  to  the  cold  end  of  the 
i  thermoelectric  generator  3* 

Such  a  design  is  applicable  for  radioactive  isotopic  sources. 
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Fig.  4.6.  Diagram  of  radiator  combined 'with  a  .thermoelectric 
energy  converter. 

KEY:  (1)  View.  *  ' 


\  Radiator  element  design  .  *> 

I 

!  «  •  .  i  > 

;  Figure  4.7a  and  b  shows  the  typical  design  of  assembled  radiator 

i  *  |  ' 

collectors.  The  shape  of  the  collectors  is  determined  by  the  method 

i  '  4 

|  of  assembly  and  inspection.  Obviously,  ,a  seam  can  be  welded  and 

checked  reliably  when  the  structure  enables. ’inspection  from  two 

sides.  This  is  particularly  important  for  the  seam  holding  pipe^  i 
j  1 

1.  This  is  why  the  pipes  are  welded  to  half  of  the  collector  2  • 

first  and  then  the  collectors  2  and  3  are  welded.  For  ,this  both' 

halves  of  the  collectors  have* special  crimps. 

:  1 

The  shape  of  the  radiating  surface  is  shown  in  Fig.  4.7b.  A 
thin  aluminum  or  steel  shell  is  welded  or  soldered  to  stainless 
steel,  niobium,  or  molybdenum  pipes."  .  1  ! 


I 

% 

'i 

% 

i 

$ 


The  critical  element  of  the  radiator  is  the  hinge, joint  which  1 
provides  for  the  unfolding  of  the  radiator  sections  in  space1. 

I 

I 
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Bud  A  (i) 


3  i 


^,(d) 


i  'Fig!.  4> 7.  :Design  of  radiator  elements. 

KEY:  (1)  View.  . 

In  .Fig*  4.j7d  this  joint  is  shown  in  t'  power  plant  starting 

I  * 

stage.  The  vacuum  of  the  radiator  and  t:  .  hermetic  seal  of1  the 
’units  are  ensured  by 'a  thin  membrane  1,  /-elded  to' two  iof  its  sections 
2  and  3'.  This  m'embrane  does  not  in  <"v.er  with  the  unfolding  of 
!  the  radiator  after  launch.  By  intensifying  spring  4  tjie  sections 
are  unfolded  in  space.  In  o'rder  to  facilitate  breakaway,  t(he 
'membrane  is  notched.  •  (  .  , 

•  "  «  ,  1 

>  The, clearances  in  the  hinge  after  unfolding  are  sealed  by 
baffle  5.  This  seal  is  not  completely  airtight 1  It  is1,  designed 
tp  operate  only'  during  warmup  and  launch.  The  hermetic  seal  of  the 

i  i  -  1 

hinge  unit  in  working  position  is  provided  by  liquid-metal  .seal 

6,  7.,  The  seal  consists  of  a  thin  shell  6  and  a  low-melting  metal 

*  I  ,  j 

7.  The  shell  6  after  welding  to  pin  3  bf  the  section  is  fin^s/hed 

i  ‘  *  i 

cleanly  and  precisely.  Metal  7  is  selected  so  that  its  melting 


'  i 


I 


point  does  not  exceed  the  temperature  of  the  heat  carrier  in  la  nching 
conditions.  If  this  temperature  is  150-250°C,  the  metal  of  the 
seal  can  be  lead  (melting  point  approximately  300°C). 

During  warmup  of  the  radiator  in  space  the  metal  melts.  The 
increase  in  its  volume  during  melting  and  warmup  leads  to  tight 
clamping  and  to  the  subsequent  welding  of  shell  6  to  pin  2.  Thus, 
the  hinge  unit  becomes  completely  airtight  during  the  operation  of 
the  insulation. 

Stress  analysis  of  radiator  elements 

In  radiators  the  thermal  loads  causing  thermal  stresses  are  basic. 

In  studying  thermal  stresses  in  radiators,  we  shall,  as  before, 
assume  that  a  steady  flow  of  heat  is  passing  through  a  part.  Thus, 
the  temperature  gradient  along  a  section  of  a. part  will  also  be 
steady . 

V/e  shall  further  assume  that  radiator  elements  are  operating 
in  the  elastic  stage,  i.e.,  plastic  deformation  will  not  be  studied. 

The  stresses  obtained  are  compared  with  the  characteristics  of 
the  stress-rupture  strength  of  the  material,  i.e.,  we  shall  determine 
the  strength  cf  radiator  elements  with  allowance  for  their  temperature 
and ‘operating  time. 

Radiator  pipes  are  heated  nonuniformly ,  which  is  the  reason 
for  the  occurrence  of  stresses.  For  their  first  approximate 
evaluation  the  radiator  diagram  can  be  presented  as  shown  in  Fig.  ^.8a. 
A  certain  number  of  pipes  having  different  temperatures  are  joined 
with  the  collectors.  Let  us  assume  that  the  cross  sections  of  pipes 
F  and  the  coefficients  of  linear  expansion  a  are  identical.  During 
power  plant  operation  the  average  pipe  temperatures  are  different, 
which  causes  axial  loading  on  individual  pipes  and  can  lead  to 
stability  loss  in  the  compressed  pipes.  There  is  a  substantial 
nonuniformity  of  temperatures  along  the  axis  of  separate  pipes,  a 


^i»2 


nonuniformity  of  temperature  distribution  along  the  cross  section, 
which  leads  to  additional  stresses. 

For  the  first  evaluation  of  radiator  pipe  strength  the  following 
calculation  should  be  made.  Tensile  and  compressive  stresses  for 
the  most  heavily  loaded  pipes,  which  appear  as  a  result  of  nonidentical 
averaged  temperature,  should  be  evaluated.  Based  on  the  forces  of 
compression,  their  stability  should  be  evaluated.  Then  we  should 
evaluate  the  stresses  which  appear  as  a  result  of  the  presence  of 
temperature  gradients  along  the  axis  of  symmetry  of  a  pipe  and  its 
cross  section.  And,  finally,  the  stresses  occurring  in  the  pipe 
where  it  is  braced  to  the  collector  are  evaluated.  The  last  calcu¬ 
lation  will  not  be  studied  in  this  section.  Similar  problems  will 
be  examined  in  Chapter  V. 


Thermal  stresses  in  radiator  pipes  with 
nonuniform  heating 

The  ends  of  the  pipes  are  rigidly  attached.  This  case  is  of 
interest  from  the  point  of  view  of  the  appearance  of  stresses  in  a 
pipe  under  the  worst  possible  conditions.  The  following  are  given 
E,  a,  F  and  At,  where  At  =  t  -  tQ. 

Temperature  At  is  averaged.’  This  temperature  along  the  axis 
of  the  pipe  is  a  variable  quantity, 


M3 


e 

A/Cp=-jjA  tdx. 

o 

The  subscript  "cp"  [cp  =  average]  with  t  will  be  omitted  below. 
We  know  that  relative  strain  in  heated  parts  is 


where  is  the  thermal  strain  of  a  free  part  due  to  heating; 

ey  is  the  elastic  strain  of  a  heated  part,  which  appears  as 
a  result  of  constraint  and  overlapping  of  connections. 

The  separation  of  these  strains  is  one  of  the  problems  of 
analysis  since  the  stressed  state  of  the  element  is  determined  only 
by  component  ey.  The  value  of  strain  is  known. 

In  the  studied  case  the  rigid  attachment  of  the  part  results  in 
e  =  0;  then  e  =  -efc  =  -a&t  and  stress  in  the  pipe  is 


a— — EaAt.  (4.i) 

Thus,  with  a  rigid  attachment  the  pipes  thermal  elongation 
leads  to  the  appearance  in  the  attachment  of  compressive  forces 
of  reaction  (Pig.  4.9). 

Example  4.1.  Find  the  stress  in  a  steel  pipe  rigidly  attached 
on  the  edges  during  its  heating  to  100°C.  It  is  known  that 
E  =  2‘106  daN/cm2,  a  =  10-10"6  1/°C.  Obviously,  a  =  -IO-2'IOO  =  -2000 
daN/cm2. 

\ 

As  is  apparent  from  the  example,  thermal  stresses  can  be 
considerable  even  at  such  low  pipe  heating  temperatures.  In  practice 
considerably  higher  temperatures  are  encountered;  the  preservation 
of  design  functionality  is  explained  by  the  fact  that  under  actual 
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conditions  there  are  no  absolutely  rigid  pipe  fastenings  and  also 
the  plastic  deformations  which  occur  lead  to  a  redistribution  of 
stress. 


AtFa 


\M 


Pig.  4.9.  Determining  thermal 
stresses. 


Pig.  4.10.  Determining  thermal 
stresses. 


Let  us  examine  stresses  in  pipes  which  have  a  movable  attachment 
(Pig.  4.10). 

The  stresses  are  in  two  pipes  connected  by  collectors.  The 
following  are  given:  0^,  At^  E-^  F^  Find  c^,  o2,  ?1,  P2,  <x2, 

At2,  E2,  F2.  Initial  conditions  will  be: 


el=s2i  SPt=  0. 


(4.2) 


Generalized  strains  e  are  made  up  of  thermal  and  elastic  strains. 
Thermal  strains  in  the  pipes  will  be 

z,Vj;  lL2^=Lu2\t2. 

Elastic  strains  in  the  pipes,  caused  by  forces  P,  will  be 


__P\  L  .  ./ 

A  1  EXFX  *  '  2  E2F2 


We  allow  for  P^  +  P2  =  0  or  P2  =  -P^,  us  well  as  P  =  oF.  From 
the  first  condition 
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/.CljA/i 


ElFl 


L(lo  t^tn 


,  P:L 

1  E.2F-2 


Ui  A/j  —  Q2A/o 


E\F\  '  EoF2 


Finally, 


ctiA/i  — (M/2  _  _  a]M]  —  a2A>,2 

3,‘  _  /  1  i  .  »  -2  —  ,  j  j 

^  t‘i?T+  "i^W  F'2[^K  +  ~£^ 

Thus  we  obtain  the  unknown  forces  and  stresses  in  the  pipes. 
With  a  larger  number  of  pipes  the  problem  is  still  solved  similarly. 
Mobility  of  the  attachment  appreciably  reduces  stresses  in  the 
pipes,  which  is  apparent  from  the  following  example. 

Example  4.2.  Find  the  stress  in  pipes  which  have  the  same 
parameters  and  operate  under  the  conditions  in  the  preceding, 
example  (example  4.1). 

Since  ai  =  a2>  Ei  =  E2»  Pl  =  P25  formula  (^*3)  will  have  the 

form 


) 


(4.3) 


;i  —  — ' 


Cl(A/j  —  A/2) 


2/E 


■0,5Ea  (t\—t2), 


where  At^  -  At2  =  fc-^  —  tQ  —  (t2  -  tQ)  =  t^  -  t2> 

\ 

Thus,  the  free  attachment  of  two  pipes  reduces  the  stresses 
in  them  by  half. 
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i 

The  stress  and  forces  in  pipes  in  the  general  case.  Let  us 
examine  three  pipes. 

The  following  are  given:  c^F-jAt^  a2F2At2;  ot^F^Atg.  Find 
°1»  °2>  a3‘ 

The  basic  initial  conditions  for  setting  up  a  system  of  equations 
reduces  to  the  two  equations: 

A  -j-  a//  —  const. 

2p<= o, 

or,  in  simpler  form, 

const; 

Let  us  write  expressions  for  thermal  efci  and  elastic  eyi  strains 
in  the  pipes.  All  strains  and  elastic  forces  are  considered  positive, 
i.e.,  oriented  on  the  x-axis  (Pig.  *1.11).  The  actual  sign  of  the 
forces  and  strains  will  be  apparent  after  solving  the  system  of 
equations . 

Thermal  and  elastic  strains  are 


(*1.4) 


2p‘-a 

i 


t 


r 


£/i  —  ui  A)) 


P\  _P\  . 
F\E\  .4j  * 


e,2— «2A/2; 


e/3  =  a3^^ 


'-ill 


-yi 


.42 

A3 


=  F2E2j  =  F3E3* 
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where  A^  =  A? 


In  accordance  with  condition  (^.*0,  we  set  up  'the  following 
system  of  equations:  1 

-L+a1A/I==^--fa2A4;  ■ 

.  p>-tP,+p3=o.  ■' 

Or,  in  more  detail, 

i 

P\  A2  —  PjAi  ==AxA2  (a2A/2  ~  a,  A/j);  ! 

-f/>3=0. 

Hence  1 


where 

1 

— /4jJ  0 

4  =  Az;  0;  -A}  =.4,^,  ;-42-M3); 

l;  1;  l 

A,^.4fM2(a2A/2-cx1A/,)  f  -43(«3A/3-a;A',)];  ‘ 
^2  ~  A  \  A2 1 A 1  (a,A/,  —  ct2A/ 2)  *r  ^3  (CI3A/3  — 

^3 =  A  j  Az  [  A  j  (at  a/j — CI3A/  3)  -{-  ^2  — ct3A^)]. 

M8 


I 


1 1 


Hence 

i  i 


i 


n  i_  a  M  (q-2^2  ~  Qyi/i)  -t-  .43(a3^^  ~  ttlAh) 

,  *  *  /4j  +  A2  +  ^3 

D  .  a  A\  (ttj  Vl  —  C^A/g)  4*  *^3  (a3^3  T~  **2  Ml)  « 
2 .  2  -Al  +  A2  +  ^3 


I  ^3 — A< 


A\  —  Q3A/3)  -j-  .42  (QqA^  —  03^3) 

— —  -  -"'  ■  '"  ‘  I 

A\  ^3 


The  condition  in  the  k-th  pipe  in  the  presence  of; i  pipes 


\  . 
\ 


.  1 


.  I  •'■ 

p.^.-f — 7 — ■ - < 

1 


where  subscripts  n,  k,  i  are  the  numbers;  n  =  1,  2,  3,  . ..,  k,  i, 


The  value  and  sign  of .stresses  are  thus: 

*  I 

1  -%■■■  ■  ■ 

.  I 

For  extended  pipes  the  safety  factor  is  determined  from  formula 


/*>  1,1 -f- 1,2. 

°m*x 


Thermal  stresses  in  radiator  pipes  with  a 
temperature  gradient  in  the  cross  section- 


M9 


1 


In  the  cross  section  of  pipes  and  radiator  elements  a  certain 
temperature  gradient  is  established  which  leads  to  the  appearance  of 
thermal  stresses. 

The  following  is  an  approach  to  solving  this  problem. 

We  shall  fix  the  element  rigidly  in  the  axial  direction.  Then 
elastic  and  thermal  strains  will  equal  each  other,  i.e.,  AL  =  hi. 

Let  us  find  the  stresses  in  the  element  in  this  position. 

The  application  of  bonds  leads  to  a  disruption  of  the  boundary 
conditions  of  a  free  system.  We  restore  the  boundary  conditions  by 
applying  to  the  system  a  force  equal  to  the  reaction  arising  in  the 
attachment,  but  opposite  in  direction.  Let  us  find  the  stresses 
from  this  force.  They  will  only  be  elastic. 


Pig.  4.12.  Symmetrical  temperature  gradient. 


It  is  completely  obviously  that  the  sum  of  the  stresses  of  the 
first  and  second  calculations  gives  us  the  real  thermal  stresses 
in  the  element. 


Examples  of  gradients  can  be  very  different.  Let  us  examine 
the  first  case  when  the  temperature  gradient  is  symmetric  (Fig.  4.12) 
relative  to  the  axis. 

In  the  presence  of  such  a  temperature  gradient  throughout  the 
cross  section  in  a  free,  unattached  element,  thermal  stresses  arise. 
We  shall  evaluate  these  stresses. 
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Fig.  4.13.  Determining  the  stresses  with  a 
symmetric  temperature  gradient. 

Let  us  assume  that  this  cross-sectional  temperature  gradient 
will  be  preserved  for  the  entire  length  of  the  element  (Fig.  4.13). 

The  following  are  known:  E,  a,  At;  find  stress  a. 

If  we  represent  such  an  element  in  the  free  state,  its  elongation 
as  a  result  of  healing  will  be  proportional  to  the  temperature 
gradient;  e  -  aAt,  where  At  =  t  -  tQ  is  the  temperature  variation 
with  heating.  If  attachment  is  effected,  compressive  stresses 
=  -EaAt  arise. 

The  diagram  of  compressive  stresses  will  accurately  trace  the 
temperature  gradient  and  will  be  identical  in  any  section  of  the 
fixed  element. 

Let  us  find  the  stresses  arising  in  the  element  if  we  free  it 
from  attachment.  For  this  we  apply  tensile  stresses  to  the  ends  of 
the  rod,  which  ensure  zero  stresses  on  the  ends. 
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'Pig.  4.14.  Stress  diagrams 
during  an  asymme.tric  .temperature 
gradient-. 


These  stresses  can  be  created  by  force 


1  i 
r  I 

$ 

j 

< 

I 


(4.5). 

whi>h  at  a  sufficient  distance  from  the  end  cause  uniformly  distributed 
stresses 


hit 

P--  f  EitUbdy, 

-*/  2 


>/2 

C2"  *~r~y  J  Eatfbdy.- 

-i<;2 


(4.6) 


Thus,  honuniform  symmetric  heating  of  a  free  element  along  its 
cross  section  leads  to  the  appearance  of  stresses  which 'are  determined 
from  formula 


h  2 

~~  Ea^t  -f  —•  ^  Eatiib  dy. 

—A/2 


(4.7) 
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Figure  4.13  shows  a  diagram  of  stresses  along  the  cross  section 
and  along  the  axis  of  the  sample. 

If  cross-sectional  temperature  distribution  is  not  symmetric, 
we  first  proceed  as  before.  After  implementing  a  rigid  attachment 
for  the  element  (Fig.  4.14),  we  obtain,  as  earlier,-  stresses  .in 
the  cross  section  =  -EaAt. 

Now  we  free  the  element  from  its  attachment;  in  order  to  preserve 
the  boundary  conditions  we  apply  to  its  ends  tension  ■?,.  We  obtain 

A/5 

32=  —  ==-L  ^  Ea\tbdy. 

F  F  . 

-hi 

Bending  moment  M,  which  arises  due  to  the  asymmetry  of  the 
stresses  on  the  ends,  is 

•  hit 

Af==  \  Ea\tbydy, 

—A/2 

and  bending  stress,  as  a  result  of  this  moment,  is 

A/2 

\  Ea“byd«- 

-A/2 

Thi.s,  full  stress  In  the  section  is 

_ A/2  A;  2 

3  =  —  Ed£it  ^  Ea&tbdy-\-~-  \  Eatfbgdy, 

-A/2  -Ar2 - (4.-8) 

% 

The  stress  diagram  is  presented  in  Fig.  4.14. 
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Thermal  stresses  in  a  flat  radiator  panel 

i  i 

The-  purpose  of  calculation' is  to  find  a  based  on  known.  E,  1 
a,  At.  •  :  , 

a)  Pure  bend.  We  shall,  derive  the  equation  for  the  forces -of' 
elasticity  in  a  rectangular  plate.  * 

i 

We  know  that  if  we  heat  a  free  quadratic  rectangular  plate  so 
that  the  temperature  through  the  "thickness  will  vary  according  to  1 
linear  law,  and  in  the  plane  parallel  to  the  plate's  surface  the 
temperature^  will  be- -constant  deformation  of  the-  layers  -relative  ito 
the  middle  surface  will  be  s’*1  -•trie  and  the  ,middle  surfac?  will 
have  the  shape  of  a  sphere.  ,  _  .  i  ,  ' 

,  1 

A  similar  character  of  plate  deformation  is  obtained  when 
distributed  bending  moments  are  applied  along-  the  edges  of  <a  free 
plate.  .  : 

t 

In  those  cases  the  bend  of  the  plate  in  twos  mutually  perpendicular 

directions  will  be  a  pure  bend  similar  to  the  bend  of  a  prismatic 

;  >  ! 
rod  in  accordance  with  the  hypothesis  of  the  preservation  of  a  two- 

dimensional  shape  for  the  cross  sections  and  their  rotation  relative 

to  the  neutral  axis  and  their  normality  to  the  elastic  curve  during 

bend.  This  case  is  well  known;  therefore,  we  shall  begin- with  it. 

Let  us  examine  the  bend  of  a  plate  by  distributed  bending 
moments  applied  along  the  contour; 

J 

I  1 

Let  the  xy  plane  be  combined  with  the  middle  surface  of  the 
plate  until  its  deformation.  The  x-  and  y-axes,  will  be.  directed, 
as  shown  in  Pig.  JJ.15,  along  its  edges.  The  upward  direction  is  i 
taken  as  the  positive  direction  of  the  z-axls.  Through  we 
designate  the  bending  moment  per  unit  length  acting  along  the  edges 
parallel  to  the  y-axis.  Moments  will  be  positive  if  they  are  directed, 
as  shown  in  drawing,  i.e.,  compression  occurs  on  the'upper  surface 
of  the  plate  and  extension  on  the  lower.  The  thickness  of  the  plate. 

.  <  ■ 
i 
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We  shall  use  Hooke's  law  for  a  two-dimensional  stressed  state: 


t*~  £  far —  I*3//);  e* - £*(3tf~J43r). 


Zx  j  __  u2  (84p *f t43^*  3*  - •  {ft  r  l4^)* 


Let  1/r  and  1/r  designate  the  curvature  of  the  neutral 
a  y 

surface  in  sections  parallel,  respectively,  to  planes  xz  and  yz. 

Let  us  find  the  relative  elongations-  in  -directions  x  and  y  for 
elementary  layer  abed,  which  is  distance,  z  from  the  neutral  layer 
(Pig.  4.16b): 

a'  b'—ab  irx-\-z)'dif  —  rxd<f  _  *  . 
a* 


similarly  ey  =  (z)/(ry). 


We  obtain  stresses  in  the  layer: 


i— ?*2  \y*  '  or/ 

U  l-^\rt  ^rrx) 


(4.9) 


Thus,  stresses  o  and  a  are  proportional  to  the  distance  z 
^  «y 

of  the  abed  layer  from  the  neutral  surface  and  depend  on  the  curvature 
of  the  curved  plate.  Stresses  (4.9)  caused  bending  moments  Mv  and 
M.  which  are  applied  to  the  plate  (Pig.  4,l6c): 

v 


HI*  fin 

Mx=  \  °xzdydz;  My=  f  avzdxdz. 


§ 


S' 

l 


We  substitute  the  value  of  ax  and  a and  allow  for  the  fact  that 
Mx  =  (Mx)/(dy),  My  =  (My)/(dx).  Then 


-A/2 

fdJLV 

12(1— f.2>  (rx  r»  rul' 

A1xr=D(-L  +  p-L'j==D  (Wx+*Wl),  j 


(4.10) 


similarly 


4=  a(^+ *t:)~d  K +!*'<)  • 


where  D  is  the  cylindrical  rigidity;  D  = 


Eh* 


I2(l-,u2>  * 

w  is  the  deflection  of  the  plate  in  the  direction  of  the  z-axis; 


jL 

r» 


The  expressions  obtained  enable  us  to  conclude  that  the  maximum 
stresses  are  obtained  on  the  surface  of  the  plate  with  the  substitution 
of  z  *  h/2  into  equation  (4.9): 
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6A*,  . 
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In  the  problem  which  we  are  studying,  M  =  M  =  M;  then 

x  y 


Eh * 


(1  -f  |x)== 

r  1,1  12  r  (i  —  jjl) 
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i.e.,  the  plate  bends  along  a  spherical  surface  whose  curvature 
is  defined  by  the  quantity  1/r  =  1/r  =  1/r.  The  stress 

_ _  p  x  y 

ax  =  cy  =  a  =  6M/h  . 

Z 

i 

a 


» 1 

a){  a) 

Fig.  4.17.  Determining  the  temperature  gradient. 

Let  us  examine  the  deformation  of  a  plate  during  thermal  loading. 

If  we  read  the  temperature  from  the  middle  surface  of  the  plate, 
assuming  that  on  one  side  it  is  heated  and  on  the  other  cooled, 
it  is  natural  to  conclude  that  the  thermal  deformations  of  expansion 
and  contraction  will  be  proportional  to  the  distance  from  the  middle 
surface.  Consequently j  we  arrive  at  the  same  deformation  law  as  in 
the  pure  bend  of  a  plate  by  bending  moments. 

If  heat  is  supplied  to  and  drawn  .from  a  plate  which  is  uniformly 
heated  to  temper.'  -.ure  tQ,  as  was  shown  in  Fig.  4.17a,  it  can  be 
established  that  in  the  steady  thermal  mode  the  temperature  variation 
along  the  thickness  will  be  linear,  while  the  temperature  of  the 
plate's  neutral  surface  will  remain  constant,  i.e.,  be  equal  to 


Such  a  temperature  variation  in  a  section  causes  analogous 
thermal  deformation.  These  deformations  in  an  unattached  plate  will 
be  proportional  to  the  distance  from  the  middle  surface;  thus,  the 
law  of  variation  for  thermal  deformation  is  completely  identical 
to  the  law  of  deformation  with  a  pure  bend  by  bending  moments. 

Figure  4,-173  shows  the  temperatures  of  a  plate  element  during  such 
heating. 


In  the  calculation  the  following  temperature  gradient  will  be 
encountered:  Atc(z),  At  and  Atc,  determined  according  to  the 
formulas 


A/c(?)=/-/0; 

^e~ 4  4*  A4  =  4“~4» 

a/=4~4=2a4, 


(4.11) 


where  Atc(z)  is  the  current  value  of  the  temperature  gradient  along 
a  panel  cross  section; 

Atc  is  the  limiting  value  of  the  temperature  gradient  along 
a  panel  cross  section  which,  for  the  problem  studied,  is  identical 
on  both  surfaces  (a  and  b)  and  differs  only  in  sign; 

At  is  the  total  temperature  gradient  -  the  difference  in  tempera¬ 
tures  of  surfaces  a  and  b  of  the  panel. 


This  gradient  is  easily  determined  experimentally.  The  strained 
and  stressed  state  of  such  a  panel,  free  from  support  or  attachment, 
is  easy  to  find. 


The  thermal  deformation  of  a  section  is 


aAfc 
h  * 


Such  a  panel  will  be  zero  since  there  is  no  containment  by  these 
deformations  (Pig.  4.17b).  Obviously,  thermal  stresses  arise  when 
thermal  deformations  are  contained.  Let  us  examine  the  extreme  case 
when  a  panel  is  rigidly  attached  along  the  perimeter.  In  the 
attachment  -reactive  moment  arises  (Fig.  4.17c)  e  =  0;  e  =  -e^; 
if  we  equate  the  known  values  of  s  and  et,  we  obtain 


r 


_1_ 

r 


then 


P(1  -Hi) 
r 


EhH  1  +u)  aAf _ Eh?ait 

12(1  —  {a2)  /»  12(1  —  y) 


hence 


6i\l _  £aA<  _  £a-ttc 

"  *2  -  2(1  -y)  I  —  y 

(4.12) 

As  is  apparent  from  the  formula,  the  stresses  are  identical  to 
stresses  occurring  in  rod  elements.  The  factor  1  (1  -  y)  shows 
that  our  element  is  a  plate. 

Let  us  examine  what  kind  of  stress  and  strain  state  there  will 
be  in  a  panel  if  the  temperature  along  its  cross  section  changes 
according  to  a  more  common  but  linear  law. 

The  law  of  temperature  variation  shown  in  Pig.  4.l8a  differs 
from  the  earlier  examined  law  in  that  the  neutral  surface  of  the 
plate  is  heated. 


a)  (a). 

Pig.  4.18,  Determining  stresses  in  a  plate.  . 

Let  us  examine  the  stresses  and  strain  of  surface  a  when  the 
panel  is  free  from  attachment.  The  temperature  gradient  will  be 
equal  to  the  sum  of  the  two  value1'  • 


M~ta-  /0  /cp.-f  a/c —t0=  Mcp  -f  a/c, 

where  At  is  the  gradient  occurring  on  the  neutral  surface  of  the 
cp 

panel  as  a  result  of  its  heating.  Thermal  strain  is 

5/  ~  a  A/ = a  A/cp  -f  a  A/c. 

Stresses  in  the  panel  cQ  «  0,  since  e  =  =  e^.  The  shape  of 

the  panel  after  warmup  is  shown  in  Pig.  4.l8b  by  dashes. 

The  limiting  value  of  thermal  stresses  is  found  if  the  panel 
is  rigidly  fixed.  Then  if  we  examine  surface  a. 


Stress 


For  surface  b 

£aA/cp  £aAfc 

3  = - -  J - •  . 

1  —ft  (l-“) 

b)  The  bend  of  a  free  plate  with  an  arbitrary  law  of  temperature 
♦  variation  for  the  cross  section  (Pig.  4.19).  The  strained  state 

of  the  plat  .  depends  on  the  temperature  gradient  on  its  surface  and 
through  its  cross  section.  With  a  complex  nonlinear  law  of  temperature 
variation  in  the  cross  section,  thermal  stresses  in  a  free  plate 
will  not  be  zero.  The  temperature  gradient  in  the  cross  section 
At(z)  =  t  -  tQ. 


461 


I 


Then  instead  of  At(z)  we  shall  write  At.  In  order  to  find 
the  stresses  nearer  the  edge  of  the  plate,  we  proceed  in  accordance 
with  the  general  rules  examined  above. 


Pig.  4.19.  Determining  stresses  in  a  plate. 


After  attaching  a  cold  plate  rigidly  along  the  edges  (Pig. 

4.19b),  we  heat  it.  Compressive  stresses  will  arise:  : 

‘  1 


Eait 

1-V 


I 


and  in  the  attachment  there  will  be  the  forces  and  moments  of  free 

i 

action  Px,  Py,  Mx,  My.  In  order  to  ensure  the  boundary  conditions 
of  a  free  plate,  we  apply  the  forces  Fx  and  Py  to  its  edges;  we 
obtain  near  i.ts  attachment  the  tensile  stress 


3,2  =  —  = - - - [  Eaktbdz, 

■k2  F  (1  -V)F\ 


where  P 


The  formula  for  oy2  will  be  similar. 


Let  us  note  that  for  a  rectangular  plate  ox2  can  be  un¬ 
equal  to  o  After  applying  bending  moments  M  and  M.  which 

y  *  y  * 

compensate  the  asymmetry  of  the  temperature  field,  we  obtain  the  stress 
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Eaktbz  dz. 


The  value  ay3;  is  written  similarly;  thus, -finally, 


Fm\'  ,  i  ,  ,  „  ;?* 1 

-A/2  4/2 


(4.14) 


The  safety  factor;  of  the  plate  is 

i  ! 


I 


n  =L  ,  where  3/  =  |/  a j  +  3-  —  3,3*. 


I  mas 


4.2.  HEAT  EXCHANGE  EQUIPMENT  . 

* 

i 

•As  was  shown  in  Chapter  III,  the  thermal  energy  obtained  in 

any  energy  source  (for  example,  in  a  nuclear  reactor)  goes  into 
!  : 

heating  the  working  medium  and  obtaining  vapor  which  drives  the  steam 
turbine  .and  the  electrical  generator  connected  with  it.  Such  a 
power  cycle  of  converting  thermal  energy  until  electrical  is  not 
possible  without  a  continuous  heat  supply  from  the  energy  source  to 

i  i  ,  ,i 

the  receiver.  Energy  transfer  can! be  effected  directly  by  the 
‘working  medium  (heat  transfer  agent),  but  more  frequently  it  is 

•  i 

performed  in  heat  exchange  equipment  with  the  aid  of  a  heating 
and  a  heated  transfer -agent.;  | 

i 

Based  on  the  type  of  thermal  process,  heat  exchange  equipment 
can  be. divider  into  the  following  three  groups. 


.  i 
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Heat  exchangers  in  which  the  heat  transfer  agents  do  not  undergo 
a  change  in  aggregate  state  (regenerators,  coolers  of  gas  turbines). 

Condensers  and  evaporators  in  which  one  of  the  heat  transfer 
agents  changes  aggregate  state.  In  the  first  case,  the  heating 
transfer  agent  is  condensed  and  in  the  second  the  heated  agent 
is  evaporated  (condensers  of  steam  turbines,  regenerative  preheaters, 
various  evaporators). 

Condensers-evaporators  in  which  both  heat  transfer  agents  undergo 
a  change  in  aggregate  state;  condensation  of  the  heating  agent 
and  evaporation  of  the  heated  agent  occur. 

As  heat  transfer  agents  in  space  power  plants,  as  a  rule,  liquid 
metals  are  used  (mercury,  sodium,  potassium,  sodium  and  potassium 
alloy,  lithium,  bismuth,  lead,  lead  and  bismuth  alloy,  etc.). 

Liquid-metal  heat  transfer  agents  have  relatively  high  boiling 
temperatures,  which  makes  it  possible  to  maintain  low  pressures  in 
the  power  plant  loops.  This  is  particularly  important  for  space 
power  plants  where  heat  removal  is  possible  only  at  high  temperatures. 
Moreover,  the  extremely  high  intensity  of  heat  exchange  in  liquid 
metals  provides  high  power  output  from  a  unit  volume  of  the  reactor 
core.  Liquid  metals,  as  simple  substances,  are  not  subject  to 
decomposition  and  allow  a  virtually  unlimited  increase  in  the  tempera¬ 
ture  and  intensity  of  irradiation  in  the  Installation. 

On  the  other  hand,  the  high  necessary  temperatures  of  the  liquid- 
metal  heat  carriers  and  the  requirement  to  provide  high  reliability 
for  heat  exchangers  intended  for  extraterrestrial  power  units  (because 
of  their  operation  without  servicing  for  a  long  period  of  time) 
leads  to  strict  requirements  on  the  design  of  heat  exchanging  equip¬ 
ment. 

This  equipment  should  ensure  the  most  effective  process  of  heat 
transfer  with  the  minimum  design  weight  and  acceptable  hydraulic 
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resistance  in  the  channels,  as  well  as  high  reliability  during 
prolonged  operation. 

Operational  reliability  is  achieved  by  an  absolute  seal 
to  prevent-  the  mixing  of  the  heat  transfer  agents  in  the 
first  and  second  loops.  This  is  connected  with  the  induced  y- 
activity  acquired  by  the  heat  carrier  of  the  first  loop  in  transit 
through  the  reactor  as  a  result  of  the  action  of  neutron  flows. 
Furthermore,  with  a  breakdown  in  the  coating  density  of  the  nuclear 
reactor  fuel  elements,  the  heat  carrier  o*'  the  first  loop  can  be 
loaded  by  nuclear  fuel  fision  fragments. 

Through  the  active  reactor  core,  along  with  the  heat  carrier, 
pass  the  products  of  the  corrosion  and  erosion  of  the  structural 
elements  of  the  first  loop.  The  radioactive  isotopes  formed  in  this 
case  can  settle  on  the  walls  of  the  piping  and  the  heat  exchanger, 
raising  the  radioactivity  of  the  loop  (to  control  this  phenomenon 
in  the  first  loop  a  special  purification  system  for  the  heat  transfer 
agent  is  usually  provided). 

Strict  requirements  for  the  seal  of  heat  exchange  equipment 
are  also  dictated  by  the  danger  of  the  contamination  of  the  heat 
carrier  in  the  first  loop  by  foreign  matter  from  the  power  loop, 
which  can  cause  a  breakdown  in  reactor  operation. 

To  provide  a  seal  for  the  heat  exchange  equipment  during  prolonged 
operation  it  is  recommended  to  weld  all  connections.  Seal  is  ensured 
by  the  selection  of  appropriate  manufacturing  procedures  and  quality 
Inspection  methods  (operational  control)  for  the  welded  joints.  To 
check  the  seal  vacuum  tests  are  made  on  the  item  as  a  whole  and 
the  welds  are  inspected  with  a  helium  leak  detector  or  by  other 
means. 

Most  frequently  damage  appears  at  the  location  of  welds  on 
pipes  as  a  result  of  thermal  stress  occurring  during  operation. 
Therefore,  in  addition  to  quality  welding  technique,  it  is  necessary 
to  provide  structural  measures  reducing  these  stresses  to  a  minimum 
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which  is  done  by  introducing  into  the  design  various  compensators 
for  thermal  strains.  ;  .  ! 

It  goes  without  saying  that  the  materials  of  neat  exchange 
equipment  should  satisfy  the  requirements  of  compatibility  with  1 
heat  carriers  and  possess  good  weldability,  high' thermal  conductivity 
and  sufficient  strength.  .  : 

Structural  diagrams  of  Heat  exchange 

equipment  , 

\ 

i 

In  nuclear  space  installations  recuperative  (surface)  heat 
exchange  equipment  is  used,  as  a  rule.  : 

There  are  various  structural  diagrams  for  heat  exchangers.  The 
simplest  is  the  pipe-in-pipe  (Pig.  4.20,  4.21,  4.22).  Such  heat 
exchangers  have  only  one  channel  for  passage  of  the  heating  and  the 

.  i 

heated  transfer  agents.  Equipment  of  this  type  with  straight  pipes 
can  be  rigid  (Pig.  4.20a),  with  compensation  by  flexible;  elements 
(Fig.  4.20b)  for  the  difference  in  lengths  and  with  the  use  of!a 
reverse  heat  exchange  pipe  (Fig.  4.21).  . 

> 


•  * 

JL 
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- U~ 
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Pig.  4.20.  Straight  pipe-in-pipe  heat  exchanger: 
a  -  without  compensator;  b  -  with  compensator. 

■  i 

! 

Equipment  with  bent  pipes  can  be  of  different  designs.  The 

*  ,  i 

simplest  is  the  U-shaped  design  (Pig.  4.22a)  and  ’the  design  in  the  : 
form  of  flat  (Pig.  4.22b)  and  spiral  coils. 
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Pig.  4.21.  'Heat  exchanger  with  single  reverse  heat  exchange 
pi^e.  •  !  >  : 

t  , 

1  '  V  ' 

•Jacket-and-pipe  heat  exchange  equipment  is  a  development  'of  the 
pipe-in-pipet  equipment.  Taking  into  account  the  increase  in  the  1 
pipe  cross  section,  the  flow  rate'  of  the  heat  transfer  agent  ahd 

i 

ir>e  power  are  also  increased..  Just  as  the  pipe-in-pipe  equipment, 

tie  jacket-and-pipe  heat  exchanger  with  straight  tubes  can  be  rigid 

(Pig.  4:23)  with  compensation  for  the  thermal  elongation' by  flexible 

elements  (Fig..  4:.24a),  with  a  bloating,  head  (Fig.  4.24b) 'and  with 

reverse  heat  exchange,  tubes  (Fig.  4.24c).  . 

1 

!  1  • 


!  ‘ 


Pig.  4.22.'  Pipe-in-pipe  heat  exchanger:  a  -  U-shaped’; 
b  -  in  the  forn^  of  a  flat  coil.  i 

'  '  ,  *  ! 

Equipment  with  t^ent  pipes  must  have  U-shaped  pipes,  a  common 

pipe  panel;  and  cylindrical  jacket  (Pig1.  4..25a);  U-shaped  pipes  and 

l  '  J 

\ 

1  i 

* 
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a  U-shaped  jacket  (Pig.  4.25b);  fl-shaped  pipes  (Fig.  4.25c);  pipes 
arranged  between  the  parallel  pipe  panels  in  a  cylindrical  jacket 
and  having  a  sinusoidal  bend  (Pig.  4.25d);  flat  coils  (Pig.  4.26a) 
and  spiral  coils  (Pig.  4.26b). 


Fig.. 4.23.  Jacket-arid-pipe 
heat  exchanger  with  straight 
pipes  of  rigid  construction. 


f  8J  (e) 


Pig.  4.24.  Jacket-and-pipe  heat  exchangers  with  compensation 
for  thermal  elongations:  a  -  with  pipe  covers  and  compensator 
on  jacket;  b  -  with  floating  head;  c  -  with  reverse  heat 
exchange  pipes. 


To  increase  heat  removal  and  heat  exchange  effectiveness  we  can 
develop  the  heat  exchange  surface  by  increasing  the  perimeter  and 
and  length  of  the  channels  separating  one  heat  exchange  agent  from 
the  other  or  by  changing  the  shape  of  the  channels  (Pig.  4.27)  and 
increasing  their  number  or  yet  by  forming  an  additional  surface 
with  ribs,  pins,  coils,  etc.,  (Fig.  4.28).  The  effectiveness  of 


the  additional  surface  depends  on  its  geometric  S;V,pe,  the  heat 

conductivity  of  the  material,  and  the  method  of  joining  elements 
to  the  main  surface. 


Pig.  4.25.  Jacket-and-pipe  heat  exchangers  with  bent  pipes: 
a  -  with  U-shaped  pipes  and  a  common  pipe  panel;  b  -  with 
U-shaped  pipes  and  a  U-shaped  jacket;  c  -  with  n-shaped 
pipes;  d  -  with  sinusoidal  bend. 

For  this  purpose  there  are  installed  longitudinal  and  lateral  fins  of 
various  shapes  (Pig.  4.24b,  4.29)  or  pipe  covers  which  increase  the 
path  of  the  heat  exchange  agent  in  the  interpipe  space  (in  the  first 
case)  or  increase  the  rate  of  flow  of  the  pipes  with  the  heat  carrier 
of  another  loop. 

In  order  to  ensure  the  normal  operation  of  a  heat  exchanger  under 
weightless  conditions  during  space  flight,  devices  for  twisting  the 
heat  carrier  are  found  in  each  tube. 

All  these  measures  increase  the  heat  transfer  coefficient  and 
reduce  the  size  and  weight  of  the  heat  exchanger. 
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The  mechanical  strength  of  heat  exchanger  design  is  affected  by 
thermal  elongations  of  the  parts,  thermal  shocks  and  vibrations, 
particularly  during  alternating  modes  and  emergency  jettisioning 
of  load,  (the  heat  carrier  temperature  variation  occurs  much  more 
rapidly  in  nuclear  installations,  in  some  cases,  than  in  ordinary 
power  systems).  Therefore,  in  the  design  of  the  nodes,  compensation 
for  thermal  elongation  must  be  provided.  This  can  be  done  in  various 
ways : 

-  installing  a  compensator  on  the  housing  (see  Pig.  4.24a); 

-  connecting  the  pipe  panels  to  the  housing  through  flexible 
elements  (Fig.  4.30); 

-  using  a  "floating”  pipe  panel  (see  Pig.  4.2ib); 

-  using  reverse  heat  exchange  pipes  (see  Pig.  4.21,  4.24c); 

-  using  U-shaped  pipes  in  cylindrical  (see  Pig.  4.25a)  or  in 
U-shaped  (see  Fig,  4.25b)  housings; 

-  by  giving  the  pipes  a  bent  shape  for  self-compensation  in 
operating  conditions  (see  Pig.  4.25c,  4.25d). 
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All  the  welding  seams  on  the  pipes  must  be  butt-welded  for  the 

convenience  of  quality  check  using  x-ray  and  ganuagraph  equivalent. 

« 

Thermal  shocks  occurring  during  the  emergency  jettisoning  of  the 
load  are  usually  a  threat  to  the  pipe  and  housing  joints  of  the 
heat  exchanger.  Therfore,  branching  should  be  done  by  extending 
a  short  branch  from  the  main  tube,  to  which  the  drain  is  butt-welded 
(Pig.  4.31)i  Drain  pockets  can  also  be  made  in  a  similar  manner. 

Branch  pipes  with  jackets  are  used  as  a  protective  measure  (Pig.  4.32). 

Welding  elements  which  differ  considerably  in  thickness  adds  to 
the  complexity  of  the  manufacture  of  heat  exchange  equipment.  With 
a  thickness  ratio  greater  than  '!:1  for  the  welded  elements,  there 
is  a  danger  of  burning  up  the  thin  wall  and  insufficiently  burning 
the  solid  section. 

Such  a  connection  is  the  welding  of  the  pipes  to  the  pipe  panels. 
Figure  4.33  shows  some  methods  of  welding.  The  best  is  joint  II. 

With  a  pipe  wall  thickness  less  than  2-3  mm  argon-arc  welding  is 
performed  with  a  tungsten  electrode  using  method  III. 

Method  I  gives  the  highest  quality  welding,  but  it  requires 
tedious  mechanical  processing  of  the  pipe  panel  under  the  weld. 
Moreover,  such  a  joint  is  suitable  only  for  flat  pipe  panels. 


Fig.  4.29.  Jacket-and- 
pipe  heat  exchanger  with 
lateral  partitions  for 
ensuring  the  movement  of 
the  medium  and  the  inter¬ 
pipe  space. 


Joint  IV  can  be  recommended  during  the  repair  of  equipment  when 
the  earlier  applied  seam  must  be  completely  removed. 


I 


s 
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Pig.  4.30.  Heat  exchanger  with  the  connection  of  the  pipe 
panels  to  the  housing  through  flexible  elements. 

After  welding,  the  pipes  are  expanded  to  she  full  depth  of  the 
pipe  -panel  to  ensure  good  thermal  contact  and  prevent  the  formation 
of  slot  corrosion. 

To  protect  the  reactor  core  from  soil  the  internal  surface 
of  the  heat  exchangers  must  be  made  with  a  high  degree  of  purity. 

For  this  purpose,  in  the  design  of  heat  exchange  equipment  only  those 
materials  can  be  used  which  have,  in  addition  to  acceptable  strength 
properties,  resistance  to  corrosion  under  the  long  use  of  heat 
transfer  agents.  The  composition  of  the  inert  gas.  (argon)  used 
during  welding  must  be  monitored  since  the  degree  of  argon  purity 
determines  the  quality  of  the  welding  of  a  seam. 


After  preparing  all  internal  surfaces  the  equipment  must  be 
carefully  screened  of  welding  traces,  dirt,  and  grease  by  mechanical 
cleaning,  degreasing  (dichloroethane  or  other  solvent),  rinsing, 
and  drying. 


Pig.  k.Zd. 
jacket . 
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Fig.  4.31.  Welding  pipe  drains 
to  the  main  pipe. 


Branch  pipe  with 


fgS 


I 


j.n  the  design  of  a  heat  exchanger  there  must  be  pr'ovided  special 
lines  for  rinsing  all  cavities.  Drainage  and  filler  tubes1  must  be 
arranged  s<^  as;  to  eliminate  the  formation  >of  gas  pockets  during  the' 
filling  of  the  heat  exchanger  with  the  heat  carrier. 


Pig.  4.33.  Welding  pipes  to  pipe  panels.  i  * 

As  an  example  of  the  heat  exchange  bquipmont  made  for  space 

power  plants,  let  us  examine  the  steam  generator  of  an  energy  con-. 

version  system  [50].  The  mercury  steam  generator  (Fig.  4.34)  with 

a  thermal  capacity  of  approximately  50  kW  is  designed  to  heat,  \ 

evaporate,  and  superheat  0.141  kg  of  mercury  per  second.  The'  steam 

'  » 

generator  is  made  in  a  single-flow  design  and  ‘serves  to  obtain  dry 
superheated  vapor  both  in  earth’s  gravity  and  in  weightless  condition. 
This  steam  generator  is  a  jacket-and-pipe  design;1  seven  pipes 
through  which  mercury  flows  are  enclosed  in  a  pipe  (jacket)  51  mm 
in  diameter,  filled  with  a  sodium  and  potassium  alloy.  To  improve' 
heat  exchange  under  weightless  conditions  the  steam  generator  is 
made  in  the  form  of  a  spiral.  In  addition,  devices  are  installed  . 

t  ' 

for  twisting  the  mercury.  * 


Pig.  4.34.  Pipe-in-pipe  steam 
generator  in  the  form  of  a 
spiral  coil. 


I 


In  one  version  of  steam  generator' .an  average  heat  flux  of  31.  -I 

2  1  '  i  ' 

kW/m  was  obtained ! during  the  boiling  of  the  mercury. 

i  ,  . 

Materials  for  heat  exchange  equipment 

>  .  5  '  i 

i 

Materials  acceptable  for  heat  exchange  equipment  in  nuclear  power- 
plants  must  satisfy  thei following  conditions: 
i  -’be  corrosion-  and  erosion-resistant  in  the  medium  of  the 
heat  transfer  ajgent; 

•  -  have  high  mechanical  properties  at  a  given  thermal  mode; 

/  i 

! -  possess  high  oxidation-resistance  and  stability  under 
operating  conditions  at  high  temperature; 

i 

’-  weld  well?  and  undergo  mechanical  processing  well; 

’-  have  satisfactory'  thermophysical  characteristics,  particularly 
a  high  heat}  conductivity  factor;  ’  ; 

i  **  i 

-  be  sufficiently  inexpensive. 


These  requirements  are  ;les's  strict  than  the  requirements  on  the 
materials! of  reactors  which  operate  at  higher  temperatures;  however, 
they  are  more  strict  than  the  requirements  on  materials  of  heat 
exchange  equipment  for  common  power  purposes. 

i 

,  > 

if  the  heat  exchange  equipment  is  located  in  the  reactor  housing 
or  within  its  shield,  ithere  is  also  a  requirement  for  radiation 
resistance. 


i  At  temperatures  below  500°C  most  of  the  acceptable  liquid-met -il 
heat  carriers  have  an  insignificant  efiect  on  the  structural  mate.- Ui  . 
At  higher  temperature  the  question  of  material  selection  is  much  nure 
complex  to  solve.  1 

'  i 

The'  strength  (of  materials  in  a  liquid -metal  medium  is  strongly 
affected  by  various  impurities  in  tne  neat  transfer  agent  (parti :ular-y 
oxygen  and  nitrogen)  and  also  by  the  considerable  * emperature  c-op 

'  i  • 

in(  the  circulatory  loop  of  the  ..eat  carrier,  which  cs„..:e<.  Inter- i  f; ed 
mass  transfer  in  the  system. 


,The  following  types  of  corrosion  are  distinguished: 

-  solution,  which  usually  is  accompanied  by  the  precipit  ion  of 
solutes  on  the  colder  section  of  the  system  (thermal  mass  transfer); 

-  the  transfer  of  the  components  of  one  structural  material  to 
another  through  the  heat-exchange  fluid  in  systems  of  heterogeneous 
materials  (isothermal  mass  transfer); 

-  the  penetration  of  liquid  metal  inside  the  material. 

In  systems  from  austenitic  stainless  steel  on  alkaline  liquid- 

metal  heat  carriers  the  thermal  mass  transfer  becomes  noticeable 

at  500-600°C  with  the  temperature  contrast  in  the  system  on  the  order 

of  several  tens  of  degrees.  In  this  case  corrosion  damage  is 

localized  at  points  with  maximum  temperature  and  the  rate  of  material 

0  ft 

solution  is  pr'.  ,.*ortlonal  to  approximately  vu‘°  where  v  is  the 
velocity  of  }'*>'*  t  carrier  motion.  In  systems  with  boiling  liquid 
metal,  solution  and  mass  transfer  develop  to  an  even  greater 
degree. 

Thermal  and  isothermal  mass  transfer  is  intensified  when  oxygen 
exists  in  the  liquid  metal.  In  this  case,  in  the  system  are  formed 
both  oxides  of  the  liquid-metal  heat  carrier  and  complex  oxides  of 
the  components  of  the  structural  material. 

Many  high-melting  and  heat-resistant  metals  (Nb,  Mo  etc.) 
are  subject  to  strong  oxidation.  Therefore,  in  a  liquid-metal 
heat  carrier  which  is  in  contact  with  these  metals  oxygen  content 
should  not  be  above  0.000555. 

Let  us  introduce  some  of  the  most  important  recommendations  con¬ 
cerning  the  main  liquid  metal  heat  carriers  recently  in  use. 

As  compared  with  other  heat  carriers,  alkaline  metals  are  more 
aggressive  with  respect  to  structural  materials;  the  corrosion 
resistance  of  materials  in  sodium,  potassium,  and  their  alloys 
differs  little.  Potassium  facilitates  a  certain  speed  gain  of 
mass  transfer  in  loops  of  steel  and  alloys  containing  nickel.  The 
most  widespread  materials  in  these  media  are  stainless  chrome- 


t 

1 


nickel  steel  of  the  austenitic  class ,  which  can  be  used  for 
continuous  operation  at  temperatures  up  to  600°C.  No  more  than 
0.01%  oxygen  content  is  allowed  in  the  heat  carrier.  These 
steels  weld  well  and  have  other  satisfactory  technological  properties. 

At  temperatures  higher  tnan  700°C  it  ir  possible  to  use  oxidation- 
resistant  and  heat-resistant,  metals  and  alloys. 

At  temperatures  of  800°C  and  above  the  use  of  refractory  metals 
(tantalum,  molybdenum,  niobium,  tungsten,  vanadium)  and  alloys  based 
on  them  is  promising.  It  is  necessary  to  watch  that  the  oxygen 
content  in  the  medium  of  the  heat  carrier  is  no  more  than  0.01$. 

The  presence  of  nitrogen  in  liquid  metal  impairs  the  anti-corrosion 
properties  of  high-melting  structural  materials. 

At  temperatures  of  800-1000°C,  for  operation  in  a  medium  of 
alkali  metals  cermet  materials  based  on  tungsten  carbides,  tantalum, 
and  titanium,  can  be  used. 

Lithium  with  respect  to  structural  materials  behaves  more 
aggressively  than  sodium  and  potassium.  The  corrosion  resistance 
of  materials  adversely  affects  the  impurities,  especially  nitrogen 
and  oxygen.  The  oxygen  impurity  begins  to  show  when  its  content 
in  the  lithium  is  0.55?  and  in  the  material  is  0.02-0.05$.  The 
nitrogen  Impurity  is  even  more  dangerous. 

For  operation  in  a  lithium  medium  it  is  not  recommended  to  use 
sceel  and  alloys  with  a  large  nickel  content.  Stainless  steels 
with  a  content  of  15-18%  Cr  and  10-15%  Nl,  as  well  as  austenitic 
alloys  based  on  Cobalt  and  nickel,  can  be  used  at  temperatures  n' 
higher  than  500-600°C.  At  such  temperatures  and  above  ( 7 00— 8 1>0 u0) 
stainless  ferrite  and  chrome  steels  (0Khl3,  lKh.L3,  2Khl3,  lKh!2M2i3F, 
Kh25T)  without  nickel  are  preferable.  Steel  lKhl2MVi,B  has  satisfactory 
durability  at  800°C. 


To  clean  lithium  gf'  the  oxygen:  and  nitrogen-  impurities  hot  traps 
with  zirconium  as  an  absorber  are  used,  facilitating  the  deceleration 
of  the  structural  material  corrosion.  Thus,  for  chrome  steel  with 
the  use  of  .traps  the  rate  of  corrosion  is  reduced  by  a  factor  of 
approximately  10. 

To  operate  in  a  lithium  medium  thf  ifollowing  high-melting  alloys 
can  be  used;  991 'Nb  +  ljt  Zr;  99$  M  +  0;.5$  Ti;  7W  W  +  26%  Re; 

90$  V  +  8$  Ti  +  2%  Hf': 

Stress-  analysis  of  the  elements  of  heat 
exchange  equipment 

For  -most-  elements-  of -heat  exchange  equipment  the  main  load  is 
uniform  internal  or  external,  pressure. 

In  addition,  the  vehicle  is  subject  to  the  effect  of  additional 
loads  -  inertial  loads  connected  with  the  injection  of  the  vehicle 
into  orbit.,  as  well  as  forces  arid  moments  arising  because  of 
different  thermal  expansions  in  various  parts  of  the  vehicle.  Stresses 
caused  by  the  additional  loads  can  sometimes  exceed  the  stresses 
from  the  main  load.  To  reduce  the  effect  of  these  loads  it  is  oossible, 
for  example,  to  install  additional  supports  and  compensators  on  the 
conduits,  but  sometimes  it  is  necessary  to  increase  the  thickness 
of  the  element. 


Loads  can  be  constant,  cyclic,  or  short-term.  Therefore,  during 
structural  design  the  form  of  loading  and  the  ability  of  the  structural 
material  to  deform  must  be  taken  into  account.  The  main  elements 
of  the  heat  exchange  equipment  operate,  as  a  rule,  under  conditions 
of  steady  loads  and  are  made  from  plastic  materials.  In  this  case, 
structural  efficiency  is  more  properly  estimated  according  to 
maximum  loads  (the  evaluation  of  strength  under  maximum  stresses  gives 
somewhat  higher  results). 

However,  if  the  loading  is  cyclic  or  the  appearance  of  plastic 
zones  in  the  metal  is  inadmissible  (for  example,  because  of  corrosion 


considerations)  and  also  if  deformations  of  any  element  are  determined, 
the  method  of  maximum  loads  can  not  be  used.  In  this  case,  calcula¬ 
tion  is  performed  using,  the  method  of  "elastic  calculation"  (i.e., 
on  the  assumption  that  the  parts  work  in  the  elastic  region)  with 
the  determination  of  maximum  stresses. 


Pig.  4.35.  Circular  cylindrical 
element. 


For  structural  design  it  is  necessary  to  know  the  service  condi¬ 
tions  of  the  equipment  -  its  structural  diagram,  form,  character, 
and  value  of  loads  (main  and  additional),  as  well  as  v/orking 
temperatures  (selected  on  the  basis  of  thermal  and  gas-dynamics 
calculations),  the  structural  material  and  its  strength  characteristics, 
taking  into  account  opera —ng  temperatures  and  time  under  load. 

Let  us  analyze  the  main  structural  elements  in  heat  exchanging 
equipment. 

1.  A  circular  cylindrical  element  with  Internal  pressure  [293. 

Wall  thickness  (in  mm)  is  determined  from  formula  (Fig.  4.35) 


PD* 

230?oAO1 —  p 


f 


(4.15) 


or 


pD h  _ 

SjO^Oxon  4*  P- 


C , 
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where  p  is  the  permissible  working  pressure,  daN/cm  ;  , 

<p  is  the  strength  factor  of  the  cylindrical  element  (taking 
into  account  the  weakening  of  the  structure  due  to  weeding  and 
also  due  to  the  perforations  in  both  the  circular  and  longitudinal 
directions);  :• 

•  I  «  * 

c  is  the  wall  thickness  allowance  (for  corrosion,  minus  tolerance, 

etc.);  i 

0flon  :5's  Permissit)le  stress  of  the  structural  material  taking  1 

into  account  the  operating  conditions  of  the  element;  0flon‘  =  P0flon’  1 

here  o#  „  is  the  nominal  allowable  stress  for  a  given  structural 

Aon  2  2  2  'I 

material,  daN/mm  ,  (1  daN/mm  =  100  kN/m  )';  n  is  the  correction 

factor,  taking  into  account  structural  and  operational  peculiarities 

of  the  element  and  the  method  of  stress  analysis  (in  this  analysis 

n  =  1) . 

.  : 

The  calculated  strength  factor  q>  of  a  cylindrical  eleAent  is 
used  for  solid  (not  perforated)  cylindrical  elements  egual  to  <pC0 
(strength  factor  of  weld  sefxm).  The  value -of  q>c0  depends  on  the 
type  of  welding:  with  one-way  hand  welding  =  0.7,  one-way 
automatic  welding  0.8,  one-way  hand  welding  with  packing  ring  >0.9, 
hand  welding  with  auxiliary  welding  from  the  top  of  the  seam  0 . 95 > f 
automatic  welding  with  bilateral  penetration, 1.0.  For  the  perforated 
cylindrical  element  there  is  also  considered  the  weakening  of  the 
element  in  the  longitudinal  (<p^)  and  circular  (q>2)  directions. 

Table  4.1.  '  1 


1 


_  (1) 

A 

(2)  Ka.\iep-  ] 

(31  Tpy6  * 

.  —0,015 

0,18 

0,20, 

-0,010 

0,11 

0,15 

-0,005 

.0,05 

'  0,10 

KEY:  (1)  Wall  thickness  tolerance,  mm;  (2)  for  chamber;  (3)  for 
pipe. 
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Allowance  c  for  housing  is  usually  1  mm  when  S  -  c  is.no  more 
than  20  mm.  When  (S  -  c)  >  20  mm  c  *  =0.  Allowance  ,for  chambers 
ana1  pipes  is  determined  from  formula  c  *  A(S  -  c),,. where  .A  is  a 
numerical  coefficient  (see  Table  *1.1).  ; 

■  ■  •  '  •  : 

The  permissible  working  pressure  is  determined  from  formula 


_ 230  (S~  c)  ttQ.ion 

P~  Dn  +  (S—c) 


or  .• 


Reduced  stress  is 
)  i 


i  i  i 


_  230  (5  — t)  gxon 

'Dh—  (S  J-f), 


3  P\D»  +  (S-c)] 
"p>  230 


3  —  (S  —  c)] 

np  ■  1  2*30  (S  —  c)  y  •  ' 


Maximum  permissible  pressure  of  hydro  teqts  is 


i  where  o0,  ,is  the  ultimate  strength  of  the  structural  material. 


Formulas  presented  of  the  above  are  'valid  under  the  condition: 
for  housing  and  chambers  1  f  2  (S  -  c)/(D0)  1.5;  1  1 
'for  pipes  (D)/(D,.  -  2)(S  -  c)  <  1.6'.,_ 

i  H  H  i  t/4 


In  planning  we  must  bear  in  mind  that  the  distance  from  the 

edge  of  the  opening  to  the  edge  of  the  bottom  (measured  according 
to  projection)  should  not  be  less  than  0.1D  +  S.  If  there  are 

B  ~ 

several  openings  in  the  bottom,  the  distance  between  the  edges  of 
two  neighboring  openings  (also  measured  according  to  projection) 
must  not  be  less  than  the  diameter  of  the  smallest  opening. 

Allowance  c  is  3  mm  when  (S  -  c)  <  10  mm;  2  mm  when  (S  -  c)  <  20 
mm;  1  mm  when  (S  -  c)  <  30  mm;  when  (S  -  c)  >  30  mm  c  *  0. 

Permissible  pressure  is 

_  POO  (S  —  C )  Ag 

D-+25^(S'“f)  °* 

Here  a  nnn  =  no*  ;  n  *  1.05. 
flon  flon' 


Reduced  stress  is 


Maximum  permissible  pressure  of  hydro  test  is 


r  3“0  (S—c)z«n  hn 

" mix  L  n  ' 

Dt+2j±(S-c)  D' 


'i83 


*  •kv'vk  t-  ^ 


Calculation  formulas  are  valid  under  the  condition: 

a)  for  bottoms  without  openings  0.2  <  (h_)/(D_)  <  0 . 3 J 

b)  for  bottoms  with  openings  0.2  <  (h  )/(D_)  <  (0.3)/(z)  <  0.5. 

If  (h#/D,)  >  0.3,  the  wall  thickness  of  the  bottom  is  determined 
according  to  the  strength  conditions  of  the  bottom’s  rim. 

3,.  Round  pipe  grid  (panel)  [32].  Reduced  thickness  of  pipe 
grid  is 


(4.17) 


where  cp  *  0.9(1  -  0.905(d2)/(t2)  with  triangular  division  (Pig. 

4. 37a) j 

9=  0.9(1  -  0.785(d2)/(t2)  with  squared  division  (Fig.  4.37b); 
S  is  the  minimum  actual  thickness  of  the  grid. 


a)  Pipe  grid  with  U-shaped  bundle  of  pipes  (see  Fig.  4.25a). 
Maximum  stress  in  center  of  pipe  wall  is 


Minimum  actual  wall  thickness  is 


3yf?'V  ««n 


b)  Fixed  pipe  grid  (wall)  -  straight  pipe  bundle  -  floating 
pipe  wall  (see  Fig.  4.24b).  Maximum  stress 


■\ 


/> 


i 


t 


6Afmt» 
52^2/9  * 
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where  M  is  the  maximum  bending  moment  which  can  be  determined 
max 

from  Table  4.2  as  the  function  of  the  parameter  of  system  compliance 
e. 


9 


* 


Pig.  4.37.  Arrangement  of  openings  in  pipe  grid  (panel): 
a  -  triangular  division;  b  -  squared  division. 


Table  4.2. 


(i)  Tpv6Han  pemeTKa  (.nocxa) 

(x)  Tpyfiiiaa  pemeTKa  (.locxa) 

t 

(hltKCimOB.IIHiafl  | 

ruagawwaa 

t 

4>iiKcitpoBamiaH 

u^aaatoniasi 

■  \i=-1  *  1  1  -  l  - 

4AW/>D2 

0,5 

0,128 

0,207 

6 

0,0280 

0,0456 

1 

0,127 

0,206 

7 

0,0208 

0,0388 

2 

0,112. 

0,178 

8 

0,0156 

0,0322 

3 

0,0853 

0,112  ' 

9 

0,0153 

0,0291 

4 

0,0570 

0,0726 

10 

0,0146 

0,0258 

5 

0,0386 

0,0556 

KEY:  (1)  Pipe  grid  (panel);  (2)  Fixed;  (3)  Floating. 
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The  compliance  parameter  is  determined  from  formula 


where  dcp  is  the  average  diameter  of  the  pipes; 
lr  is  pipe  length; 

D  is  the  average  diameter  of  the  housing; 
n  is  the  safety  factor; 

E„  and  are  the  moduli  of  elasticity  for  the  material  of  the 
T  P  p 

pipes  and  the  panel,  respectively,  daN/cm  ; 


Minimum  effective  panel  thickness  is 


c)  Two  fixed  pipe  grids  of  one  thickness  (see  Fig.  4.23). 
Maximum  stress  is 


■'max' 


$2.2/3  • 


Maximum  bending  moment  is 


Dip 

m 


[' 


din 


</rpSTn£T 

Dip 


where 


vs 


Sip  jr  If  D  D 


3: 


=0,37? 


Snp 


D  S,  DS 


£t 

h 


t 
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Et  and  Ep  are  the  moduli  of  elasticity  for  the  material  of 
the  pipes  and  the  pipe  grid; 

S  is  the  housing  wall  thickness; 

a_  and  a  are  the  coefficients  of  linear  expansion  for  the 

T  K 

pipes  and  the  housing,  respectively. 

Function  f(e)  is  determined  from  Table  4.3  as  a  function  of 
e  and  3. 


Minimum  effective  panel  thickness  is 


s-v 


f  6Mr,i»* 


8.10  Y 


,2/3 


Table  4.3. 


1 

.  m 

i 

i  /(*) 

*-o  1 

3=0,015 

i  =H 

'i  =0,015 

0 

0.205 

0,204  ‘ 

4 

0,020 

0,012 

1. 

0.200 

0,190 

5 

0,015 

0,005 

2 

0,140 

0,120 

6 

0,010 

0,001 

3 

0,040 

0,0.30 

7 

0,007- 

0 

Stability  analysis  of  thin-wall  cylindrical 
shells  under  the  effect  of  compressive  loads 


Critical  lengths  can  be  determined  from  formula  [12] 


V=  i,642  /i j- 


or  from  the  graph  in  Fig.  4.38. 


The  shell  is  loaded  with  external  force  (Fig.  4.39). 
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Pig.  4.38.  Graph  for  determining  Pig.  4.39.  Thin-wall  circular  ! 
critical  lengths  of  cylindrical  cylindrical  shell  under  the  effect 
shells.  of  compressive; loads . 

,  1 

a)  Critical  external  shearing'  pressure  (theoretical)  for  a 
long  shell  (L  >  L  )  can  be  determined  from  Bresse's  formula 

Hp 

[36]:  i 


f  . . (i-)' 

4(1  —  jtf)  \r  J 


(4.19) 


where  r  is  the  radius  of  the  shell. 


b)  Critical  comprehensive  external  pressure  (theoretical)  for  a 

,  ! 

short  shell  L  <  Lu_  can  be  determined  from  Mises'  formula  [36]: 

KP 


/>KO  =  - 


'*P  r  i  1  r2r*\ 

(n!+Tir) 

y _ i _ i  S7  f  9, 

i +1j  12(l~,1?)r2'  ■**/]' , 


1(4.20) 


The  positive  integer  n  is  selected  so  that  pjp  has  the  lowest 
value.  The  approximate  value  of  n  can  be  determined  from  the 

i 

graph  (Pig.  4.40)  or  from  approximate  formula  [12] 


i 
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Fig.  4.40.  praph  foy  determining  value  of  n. 

Cas$  2.  The  shell  is  loaded  with  an  axial  load  (Fig.  4.41). 

‘‘  i  * 

a)  The  critical  axial  force  (according  to  *)uler)  for  a  very 
long  ^hell  ( Li  >  40D)  is  '  i 


P*  =r 
HP 


•where  Lnp  is  the  reduced  length;  Lnp  *  L  with  free  support  on  the 

sends;  L.  !=  L/2 ‘with  restrained  ends, 
np 

i  i  i 

i 

!b)  Critical  stress  with  axial  compression  for  a  short  shell 
ican  be  determined  from  Alfekseyev1?,  formula  [33J: 


(  S  \3.2 

V=2.35£-  (f ) 


(4.21) 


Case  3.  The  shell  is  loaded  simultaneously  by  axial  compressive 
stress  a  and  lateral  pressure  p  (Pig*  4*^2). 

The  stability  condition  for  this  case  [33] 


1 


v/here  a  is  determined  from  formula  (4.21),  p^  from  formula  ( ^ - 19) 

up  "H 

or  formula  (4.20). 


Fig.  4.41.  Stability  losses  in 
a  long  shell  over  the  action  of 
axial  force. 


Fig.  4.42.  Stability  losses  in  a 
cylindrical  shell  with  the  .loint 
action  of  lateral  pressure  and 
axial  compressive  stresses. 


Case  4.  The  shell  is  loaded  along  the  ends  by  bending  moment 
(pure  bend)  only,  as  shown  in  Fig.  4.43* 

Critical  stress  [11]  is 
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Stability  of  cylindrical  shells  reinforced 
by  closely  arranged  circular  stiffening 
ribs  (Fig.  4.44) 


Critical  comprehensive  external  pressure  is  determined  from 
formula  [36] 


#?T  = 
A'kp 


'  {*- 


i _ r _ 2 _ ( 

aj\  [  12(l-n2)r2 

1+t/ 

.a}  _  7<n2 —  1>2  1 

(uj+/i2)2  Sir 2  j* 


(a2  -j*  A2—  l)2-f* 


(4.22) 


where. 


I  is  the  moment  of  inertia  for  the  cross  section  of  an  elastic 
rib  together  with  the  connected  band,  mm  ; 

l  is  the  distance  between  neighboring  reinforcing  ribs. 


P'.g.  4.43.  Stability  losses 
in  a  cylindrical  shell  with  pure 
bend . 


Pig.  4.44.  A  circular  cylindrica 
shell  reinforced  by  circular  ribs 


The  value  of  n  for  thin  cylindrical  shells  can  be  determined 
approximately  from  formula  [36] 


where 


■  £'/  ■  g'S*  . 

M  ~ J2(I— p5)’.' 


a? 


Fpr  all  cas.es  studied  the  actual  critical  pressure  is  determined 
from  formula  [36] 


where  n 1  is  the  correction  factor  characterizing  the  imperfection 
of  the  geometric  shape  of  the  shell;  a  0.65-1.0; 

n0  is  the  correction  factor  characterizing  the  deviation  of  shell 
material  properties  from  Hooke’s  law  at  the  moment  of  stability 
loss . 

The  value  of  coefficient  n2  can  be  determined  from  the  graph 
(Fig.  4.45)  where  the  solid  line  is  plotted  for  the  case  a*  /a  <  2 

Kp  T 

and  the  darhes  for  the  case  oKp  oT  >  2‘,  critical  yield  limit  is 


The  stability  reserve  of  a  shell  is  determined  by  coefficient  N, 
which  is  equal  to  the  ratio  of  the  actual  critical  pressure  p^p 
to  the  working  pressure  ppa6.  The  numerical  value  of  coefficient  N 
is  recommended  as  no  less  than  3.0.  During  hydraulic  tests  it  can 
be  N  ■  2-5. 


In  the  general  case,  critical  time  is  determined  on  the  basis  -of 
the  primary  creep  curves  (Pig.  4.46),  which  are  plotted  for  the 
steels  sele-.jed,  the  prescribed  temperature,  and  constant  stress'  • 
ap  (assuming  that  the  creep  properties  for  uniaxial  extensipn  and 
compression  are  identical).  On  the  axis  of  ordinates  the  creep  flow 
e,  equal  to  eHp,  is  plotted.  Critical  time  is  the  abscissas. 
Section  a6  is  the  first  (transition)  period  of  creep,  characterized 
by  a  decrease  in  creep  rate.  Section  6i  is  the  second  period  of  i 
creep  (creep  rate  constant).  Specifically,  for  this  developed  section 
of  uniform  creep  the  critical  time  (in  hdurs.^  during  stability  loss 
can  be  determined  from  formula  '  1  : 


/_4V~|q*P(1  s  pX^ 

Tkp=  ;  3  )  £Btonp 


where  n  is  the  creep  index  with  uniaxial  tension; 


L2.n 


B-^  is  the  creep  factor  with  uniaxial  tension,  1/h  (idaN/cm  )  . 


Prolonged  creep  occurs  generally  in  the  second  period  and  is 
characterized  by  comparatively  low  stresses  at  low  temperatures. 

i 

The  formula  for  critical  time  is  derived  on  the  assumption  that 
stability  losses  occur  under  conditions  of  prolonged  creep  when 
creep  flows,  accumulated  in  the  first  period,  can  be  disregarded 
since  they  are  small  as.  compared  with  the  total  strain  of  the, element. 


Fig.  4.47.  Diagram  of  a  torr 
compensator. 


z 


1 


I 


Analysis'  of  compensators  >  <  • 

\  ’ 

1  1.,  Torr  compensator  (Pig.  4. *17).  ’Analysis  i’s  performed  in  the 

i  i 

presence  of  axial  force  P  and  pressure  p.  The  follbwing  parameters 

*  i  *  *  ,  ' 

are  Introduced:  1  > 


V-= 4-;'  x-yau-rt^ 


>  I 


where  y  is  the  PoisSon  coefficient1;  when  y  =  0.3  X  =  3.3,oiq3q. 

i 

i  , 

a)  The  action  of  axial  force  P. 

■  '  .•  1  ,  ,  •  •. 

•  Axial  displacement  o.f  the  compensator  A  (in  cm): 

.  '  ■  ’ 


!  v 


). 


I 


i 


when  i  X>4  A--TTlPi  ' 

oqSE  i 


whan 


X<-4  A  = 


Wci_ 
2ao  SE 


P, 


1  1 

where  c1  is  the  coefficient  depending  upon  parameter  X  (bee  below) J 

1  ‘  '  1  I  ; 

i  Maximum  circular  stress.es  (at  points  6  =  0):  '  :  i  , 


when  X  >4  3yitp==r^T,30* 


when  '  ),<4  3"”  =  0.f>50~°-3a, 


where  'k0  is  the.  coefficient  depending  ypon  parameter  X>  (see  below); 


J_3do  p 
- — —  . 


nS2 


.  ! 


Maximum' meridional  ^tresses  a^e: 


I 

1  whe'n  X >  4  points  8=±  1^2  ) ; 


*195 


when  ).<2,3  3““  =(c,  — £3)» 0(at  Points  0  =  ±-~-  )> 

when  2,  3<^<4  (afc  points 

6=±arcsln^-|/l+^). 

Here  coefficients  c1  and  c^  are  functions  of  parameter  X. 

In  the  cited  formulas  the  following  designations  were  used 


^3 


where 

£)o==(l  ,74  -j-  0,1 26  X*j  10”;  )v0= (*»36 + °’0273X2)  10l°X2; 
Ni  74 j-o, 0170X2)  10n;  ^3= (3,64 +  0,0038X2) 10*X*. 


b)  The  action  of  pressure  p. 
Maximum  meridional  stresses: 


_L  2+qot. 

2  l+ao  r 


Maximum  circular  stresses 


-max  _  J_ 
f.P  2 


where  op  =  (pr)/(S). 


The  graphs  in  Pig.  4.48  present  the  dependences 


Axial  displacement  of  compensator: 


where 


0,290 


**<H**)  * 


1 


Maximum  meridional  stresses : 

om*x  ~  by  JL. 

where 

p' _ p* 

^y=0,48 

When 

-^<0,01  ^’ssO, 48(2-1). 

/?» 

b)  Action  of  pressure  p  in  the  elastic  region. 
Maximum  meridional  stresses: 


where 


..max 

M.P 


*J=0,5 


Analysis  of  a  lens  compensator  with  allowance  for  elastic-plastic 
deformations . 


T 


Displacement  of  the  compensator  from  the  action  of  axial  force  r 


where 


*r=o.264(^i-i^£) 


Maximum  meridional  stresses  from  pressure  p: 

.  Ptft  ■ 

-m»x  —  bn  ,  *? 

aM,p—*p  5a* 


* 


» 


where 


*"=0,5  — L) 

”  \  z  I  1 


Total  maximum  stresses  must  satisfy  the  following  condition: 
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CHAPTER  V 


MOTORS 

5.1.  PLASMA  MOTORS 

In  plasma  motors  thrust  is  created  during  the  outflow  of  thu 
plasma  of  the  working  medium.  Plasma  obtains  acceleration  upon 
interaction  with  its  own  or  an  external  magnetic  field. 

Plasma  motors  have  a  high  specific  impulse  *  20-100  km/s, 
exceeding  the  specific  impulse  of  liquid  and  solid  propellant  rocket 
engines . 

In  the  creation  of  plasma  motors  there  are  substantial  difficul¬ 
ties  j  the  problems  of  the  continuous  operation  of  individual  thermally 
stressed  e_ements,  electrode  erosion,  etc.,  have  not  been  solved. 
Materials  which  could  resist  high  thermal  loading  for  a  long  period 
of  time  remain  to  be  developed. 

Let  us  examine  briefly  the  classification  of  plasma  motors. 

They  can  be  divided  into  three  groups:  puleed  motors,  ao  motors, 
and  do  motors . 

In  pulsed  motors  the  generation  and  acceleration  of  plasma  is 
accomplished  by  the  energy  of  capacitor  discharge.  The  advantage 
of  such  motors  is  the  possibility  of  obtaining  a  comparatively 
less  stressed  anode-cathode  unit  with  respect  to  thermal  and  power 
stresses.  In  pulsed  motors  it  is  easier  to  guarantee  the  protection 
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of  the  anode-cathode  system  from  overheating  by  spreading  the 
discharge  contact  spot  on  the  surface.  Tne  problems  of  cooling, 
repeated  switching  of  the  motor,  and  frequent  use  are  simpler  to 
solve.  The  disadvantage  is  the  comparatively  heavy  weight  of  the 
*  capacitors. 

These  motors  are  generally  used  for  correction.  High-thrust 
1  motors  can  be  used  for  individual  cosmonaut  use. 

In  dc  motors  the  generation  and  acceleration  of  the  plasma  is 
accomplished  by  direct  current.  The  motors  can  be  electromagnetic 
or  electrothermal.  They  can  be  both  sustainer  motors  for  inter¬ 
orbital  flights  and  correction  motors.  A  characteristic  of  these 
motors  is  the  high-temperature  operating  mode  of  the  anode-cathode 
system. 

Ac  motors  are  electromagnetic  motors  in  which  the  generation 
and  acceleration  of  plasma  is  accomplished  by  alternating  current. 
They  include  motors  with  a  progressive  magnetic  field,  high-frequency , 
superhigh-frequency,  and  electrothermal  motors.  They  can  be  designed 
for  various  purposes. 

The  high  temperatures  of  the  plasma  require  particular  attention 
be  given  to  the  coolant  system  and  the  selection  of  the  matei'ials, 
which  in  turn  requires  the  solution  of  a  large  number  of  complex 
structural  and  technological  problems. 

The  type  of  working  medium  (solid,  liquid,  or  gas)  determines 
r  the  structural  shape  of  the  power  supply  system  and  the  plasma 

generator. 

Based  on  the  arrangement  of  the  cathode-ancde  system,  these 
f  motors  are  divided  into  coaxial ,  face  and  track. 

STRUCTURAL  DIAGRAMS  AND  DESIGNS  OF  THE  MOTORS 
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Pulsed  pinch  plasma  motor  *  .  ; 

•  ’  ! 

.  I 

This  motor  (Fig.  5*1)  consists  of  a  plasma  generator  unit, 

f  i 

accelerator,  and  system  for  feed,  cooling  and  electric  power. 


Fig.  5.1.  Diagram  of  a  pulsed  pinch  plasma  motor. 


The  plasma  generator  unit  is  the  pinch  type  and  consists  of 
cathode  1,  insulating  spacer  2,  anode  3,  and  elements  for  supplyihg  i 
the  coolant  and  current.  ' 

1 

i 

The  cathode  and  anode  are  made  in  the  form  of  connected  two-  1 
layer  shells  with  a  toroidal  surface1.  The  anode  gradually  becomes 
a  cylindrical  nozzle. 

'■  ,  i 

*  i 

The  accelerator  unit  is  the  track  type  and  consists  of  Insulating 

« 

plate  iJ,  anode  5,  and  cathode  6.  Electrodes,  as  in  the  plasma 
generator,  are  two-layer  for  the  supply  and  removal  of  the  liquid 
coolant. 


The  feed  system  unit  consists  of  a  gas  cylinder  with  the 
controlling  gas  7,  the  pressure  divider  8,  the  container  9>  with  the 
working  medium  (argon)  equipped  with  a  barrier  diaphragm,  and  the  . 
dosing  device  10.  ' 
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1  :  : 


The  booling  system  unit  consists  of  a  pump  with  an  electric 
drive  11,  12,  dosing  device  13,  and  cooler  1*4. 

1  5  : 

, ■  The  electric  power,  system  consists  of  the  current  supply  15, 
condensers  16,  dischiarger-modulator  17,  and  the  ignition  device  18. 

iii  ! 

To  the  terminals  of  the  anode  and  cathode  and  to  the  discharger- 
modulator  voltage  is  fed.  Then  the  reducing  valve  8  of  the  controlling 
gas  cylinder  7  is  opened1;  the  ,working  gas’  from  container  9  through 
the  dosing  device  10  moves  to  the  discharge  gap  of  the  generator. 

,  i 

i 

The  arc  is  ignited  by  device  18.  The  purpose  of  the  discharges- 
1  modulator  17  isfto  ensure  a  certain  cyclic  discharge  of  the  capacitor; 
thus,  the  operating  mode  of  the  motor  and  its  thrust  is  controlled 
1  within  a  wi.de  range.  '■  '  1 

.  .  :  ' 

Ionization  of  gas  in  the  discharge  gap,  with  the  aid  of  devices 

1  .17  and  18',  leads  to.  the  discharge  of  the  capacitor  of  the  plasma 

i  generator  over  the  entire  gap'  between  the  anode  and  the  cathode  and 
displacement  of  ,the.  plasmoid  along  the  generator  channel;  during  the 
.  j  plasmoid' s  displacement  it  is  pinched,:  i . e . ,  formed  into  a  torus  cr 
ring,  and  the  ejection  from  the  nozzle  portion  of  the  anode  into  the 
i  .  accelerating  system  of. the  motor  occurs.  In  the  accelerating  system 
there  is  a  synchronous  discharge  of  the  accelerator  capacitor,  which 
leads  to  the  deformation  of  a  magnetic  field  in  the  accelerator, 
acceleration,  and  ejectidn  of  plasma  into  space, 
i 

Then  overcharging  of  the  capaci'tof'  leads  to  a  repetition  of 
’  this'  process. 

I 

I 

1  l. axial  plasma  dc  motor 

i  . 

»  I  »  '  ' 

This  motor  consists  (Pig.  5*2)  of  a  plasma  generator  unit, 
accelerator  unit,  and  systems  for  feeding  the  working  medium,  cooling, 
and  electric:  power  supply  1 

I 
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In  the  plasma  generator  unit  the  evaporator  1  is  welded  to 
cathode  6  and  comprises  with  it  the  main  force  part.  The  plasma 
generator  itself  includes  part  2  and  nozzle  3,  which  is  also  the 
insulation  spacer  between  the  plasma  generator  and  its  accelerator. 

The  accelerator  unit  consists  of  anode  4,  cathode  6,  and  the 
winding  of  the  electromagnet  5*  The  cathode  6  is  common  for  the 
plasma  generator  and  the  accelerator.  It  is  a  multilayer  all-welded 
shell  construction  of  heat  resistant  material  and  has  a  preheater 
7  of  tungsten.  In  the  feed  system  is  the  container  8  for  liquid 
metal,  electromagnetic  pump  9,  and  dose  device  10.  * 

The  cooling  system  consists  of  container  11,  electromagnetic 
pump  12,  metal  distributor  13,  and  cooler-radiator  14,  15. 

The  electric  supply  system  ;onsists  of  a  dc  source  16,  control 
system,  current  distribution  and  commutation. 


Fig.  5.2.  Diagram  of  a  coaxial  plasma  motor. 


The  working  medium  of  the  electromagnetic  pump  is  fed  to  the 
distributor,  then  to  the  collector  of  the  evaporator  housing  of 
the  motor  and  to  the  cooling  system.  The  vaporous  working  medium 


enters  through  the  injector  into  the  plasma  generator  where  it  is 
ionized  in  the  interelectrode  space.  Prom  the  plasma  generator 
it  enters  the  thermal  nozzle  and  then  into  the  coaxial  accelerator. 

•  The  electrode  system  is  cooled  by  the  working  medium  in  radiators 
insulated  from  each  other.  For  insulating  the  cathode  and  anode 

unit  separators  of  thorium  .  <lde  or  aluminum  are  used. 

* 

On  the  anode  is  placed  a  profiled  solenoid  with  a  winding  of 
copper  wire  insulated  from  the  anode  by  the  application  of  a  layer 
of  aluminum  oxide.  The  purpose  of  the  solenoid  is  to  create  a 
magnetic  field  for  plasma  acceleration.  Along  with  this  there  is 
an  improvement  in  the  temperature  mode  of  the  plasma  and  an  increase 
in  motor  efficiency. 

In  the  first  design  of  coaxial  motors  important  characteristics 
were  noted:  the  length  of  electrodes,  particularly  the  cathode, 
after  a  certain  value  affects  somewhat  the  effectiveness  of  motor 
operation.  The  cathode  is  subject  to  strong  heating  and  erosion. 

The  face  of  the  electrodes  has  considerable  significance  in  obtaining 
thrust. 

Figure  5.3  is  a  simplified  diagram  of  the  equipotential  surface', 
of  plasma  on  the  face  of  a  coaxial  motor.  If  there  is  no  external 
magnetic  field,  the  plasma  is  heated  by  the  heating  effect  of  the 
current  which  increases  in  the  walls  of  the  cathode.  Its  own 
magnetic  field  presses  the  plasma  to  the  surface  of  t:.e  cathode  and 
before  the  cathode.  On  the  face  of  the  cathode  the  form  of  the  plfv. 
bunch  is  similar  to  the  form  of  the  electrode;  the  temperatuie  effect 
,  on  the  face  of  the  cathode,  leading  to  its  erosion,  is  the  greates-. . 

Fig.  5-3.  Simplified  diagram  of 
,  the  vectors  of  current,  field, 

and  forces  in  a  coaxial  motor. 
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If  an  external  magnetic  field  is  created  by  the  solenoid,  then, 
apart  from  plasma  acceleration,  it  leads  to  the  stabilization  of 
the  processes  of  heating  and  plasma  displacement.  The  appearing 
axial  solenoid  magnetic  field  leads  to  the  appearance  of  a  circular 
component  of  force  acting  on  the  plasma  element  and  to  the  stabilization 
of  plasma  particle  rotation.  The  Hall  effect  on  the  face  and  the 
more  uniform  plasma  temperature  distribution  along  the  radius  of  the 
interelectrode  gap  improve  motor  operation,  increase  its  efficiency, 
and  decrease  cathode  erosion  and  temperature. 

The  characteristic  bunching  of  the  plasma  behind  the  cathode, 
as  it  were ,  extending  the  cathode,  makes  it  possible  to  shorten  it 

somewhat  without  substantial  losses. 

Coaxial  plasma  dc  motor  with  shortened 
cathode 


This  motor  consists  of  a  plasma  generation  unit,  an  accelerator, 
a  fuel  feed  system,  and  systems  for  cooling  and  electric  power 

(Fig.  5.4). 

The  plasma  generator  unit  consists  of  superhigh-frequency 
current  inductor  1,  discharge  chamber  2,  and  heat  nozzle!  The  < 
discharge  chamber  is  formed  by  two  coaxial  cylindrical  shells  of 
quartz  glass  welded  on  the  faces  to  the  collectors  of  the  liquid 
coolant  supply.  Usually  this  is  an  organosilicon  liquid. 

The  discharge  chamber  is  covered  with  a  copper  inductor 
connected  with  the  high-frequency  current  supply.  The  inductor  is 
cooled  by  the  same  organosilicon  liquid.  The  discharge  chamber  is 
connected  with  the  accelerator  by  an  insulator  having  the  form  of 
the  heat  nozzle. 

The  anode  of  accelerator  3  consists  of  two  molybdenum  shells 
connected  with  a  fluted  adaptor  and  cathode  4  of  the  coaxial  type, 
which  can  be  cooled  and  is  protected  from  erosion  in  the  radial  part 
by  its  own  magnetic  field  and  by  the  aluminum  oxide  applied  to  the 
surface. 
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Fig.  5- ^ •  Diagram  of  a  plasma  coaxial  motor  with 

shortened  cathode. 

The  feed  system  consists  of  a  tank  with  working  medium  5, 
electromagnetic  pump  6,  evaporator  and  aoser  of  the  working  medium  7. 

The  coolant  system  consists  of  a  tank  with  organosilicon  liquid, 
electric  pump  9,  distributor  10,  and  cooler-radiator  11. 

The  electric  power  supply  system  consists  of  a  superhigh- 
frequency  generator  12  and  a  dc  generator  13. 

The  working  medium  is  fed  by  the  electromagnetic  pump  into  the 
evaporator-doser  and  then  in  vapor  state  to  the  plasma  generator. 

In  the  generator  under  the  effect  of  high-frequency  currc  'ts  the 
vapors  of  the  working  medium  are  ionized.  From  the  generator  the 
plasma  proceeds  to  the  heat  nozzle  ar.d  then  to  the  accelerator. 
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Fig.  5-5-  Simplified  diagram  of 
forces  acting  on  a  plasma 
particle . 


» 


Figure  5.5  is  a  simplified  diagram  of  forces  acting  on  an 
elementary  plasma  particle.  The  forces  illustrated  compress  the  1 

,  1 

plasma  into  a  band  in  the  center  and  reduce  the  effect  of  the-  thrust 


on  the  face  of  the  anode. 


Some  shortening  of  the  anode  does' not  affect  appreciably  the 

forces  acting  on  the  flow  of  plasma  in  the  accelerator.'  ( 

% 

Face-type  dc  plasma  motor  1  1  1 

\ 

Figure  $.6  shows  a  diagram  of  aJ  plasma  motor-  wit^h  a  face-type 
layout  of  the  anode-cathode  system  and  a  liquia  working  medium. 

The  main  advantage  of  this  design  is  the  rational  form  of  the  'cathode 
which  presents  the  contact  of  structural  materials:  with  the  central 
part  of  tue  plasma  bunch  having  the  maximum  temperatures.  •  ( 


This  motor  consists  of  the  following  main  unitb:  an  accelerator- 
generator,  working  medium  feed,  cooling  system,  and  power  supply.  ' 

1 

The  accelerator-generator  unit  consists  of  a  ring-shaped 
molybdenum  cathode  1  which  can  be  cooled'by  the  organosilicon  liquid, 
heat-resistant  insulator  2,  and  tungsten  anode  3- 

>  > 

The  working  medium  supply  unit  consists  of  tank  4  with'  compressed 
gas,  tank  5  with  the  working  medium  and  the  heater,  dosing  device  1 
6,  and  injector  7.  1 


! 


1 
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1  Fig.  5.6.  Diagram  of  a  faee-type  plasma  motor. 


i  i 


The  cooling  unit  consists  of  electric  pump  8,  distributor  9, 

!  <  :  '  |  i 

and  .cooler-radiator,  10.  '  , 

*  , 

i 

The  power  supply  unit  consists  of  a  current  'source  11  and 
wiring  from  it  to  tljie  anodd-cathode  system  ahd  the  heater.  ■ 

'  ,  *  i 

i 

i  After  yoltage  is  fed  to  the  terminals  of  the  anode  and  cathode 
and  to  the  starting  tspark  gap  (not  shown  on  diagram)  under  the 
pressure  of  the  Controlling  g'as  on  the  membrane  of  tank  5,  'the  •  1 

*  i  *  ‘  ,  i 

working  medium,  passing  the  dobing  device  6,  enteirs  through  injectors 

i  ,  ! 

7  into  the  spark  gap  of  the  motor.  .Directly  by  the  injector  the 
working  medium 'vapors  are  ionized  and  the  plasma  is  further 
accelerated.  '  1 


i  i 


Hpat  discharge  frorn  the  anode  walls  is  accomplished  by  radiation, 
cooling  of  the  ‘cathode  walls  by  the  organosilicon  liquid;  this  same 

,  '  i 

liquid  cools  the  current  supplies  to  the  anode t and  the  .cathode. 

v  ■  l  i  1  * 


Pulsed  plasma  face-type  motor  with  a 
solid  working  medium 

Pulsed  motors  can  also  be  made  with  a  solid  working  medium. 
This  motor  (Pig."  5*7)  consists  of  an  accelerator-generator  unit, 

i 

a  feed  unit,  and  .a  power  supply  system. 

The  plasma  accelerator-generator  unit  includes  cathode  1, 
insulating  element  2,  and  anode  3*  The  feed  unit  includes  gas 
cylinder  with  the  controlling  gas,  reducing  valve  5,  container 
with  controlling  fluid  6,  dosing  device  7j  drive  8  for  moving  the 
.working  medium,  and  working  medium  9  (teflon).  The  power  supply 
system  consists  cf  capacitor  10  and  power  source  11. 

it 

Pig.  5.7.  Diagram  of  a  pulsed 
plasma  motor  with  a  solid 
working  medium. 


When  operating  voltage  is  fed  to  the  cathode  and  the  anode, 
on  the  surface  of  the  face  of  the  teflon  ring  there  occurs  a  surface 
discharge,  evaporation,  and  ionization  of  the  teflon  evaporation 
products.  Forces  of  the  emerging  electromagnetic  field  act  on  the 
forming  plasma,  accelerate  it,  and,  as  a  result,  create  the  thrust 
of  the  motor. 

To  compensate  for  the  expenditure  of  teflon  from  the  face  there 
is  a  working  medium  feed  system.  Compressed  gas  through  the  reducing 
•valve  5  presses  the  working  liquid  out  of  tank  6  into  sealed,  freely 
expanding  chamber  8,  thus  ensuring  the  displacement  of  the  grain 
in  the  discharge  gap. 
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Pulsed  plasma  motor  with  combustion  chamber 


In  the  motor  shown  in  Pig.  5*8  the  grain  of  solid  fuel  2  of 
teflon  forms  a  discharge  chamber  between  the  cathode  1  and  anode  3. 
Surface  discharge  in  the  chamber  leads  to  evaporation  of  the  teflon , 
ionization  of  Its  vapor,  and  ejection  of  it  from  the  nozzle,  which 
is  the  anode  of  the  motor. 

Figure  5*9  shows  the  design  of  a  plasma  pulsed  motor  for  the 
orientation  of  an  artificial  satellite  in  outer  space  [9]. 


Fig.  5*8.  Diagram  of  a  pulsed 
plasma  motor  with  ablating 
chamber. 


4 


4 


s 


The  motor  has  a  thrust  of  10  sn,  specific  impulse  50, COO  m/s, 
pulsed  frequency  10  Hz,  working  medium  flow  rate  0.002  g/s .  The 
working  medium  is  teflon,  10-hour  lifetime,  capacitance  of  the 
capacitor  battery  0.005  F. 

The  motor  consists  of  a  plasma  accelerator-generator  unit, 
working  medium  feed  system,  and  power  supply  system. 

The  accelerator-generator  consists  of  two  copper  electrodes  1, 
in  which  the  grain  of  the  solid  working  medium  3  is  placed;  Ignition 
device  ‘I  is  on  one  of  the  electrodes. 


5H 


I 
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The  grain  of  the  working  medium  is  moved  by  rod  5,  controlled 
by  the  pneumatic-hydraulic  cylinder  of  the  feed  system.  The 
electrode  bracing  panel  is  the  wall  of  the  motor  housing,  in  which 
are  located  capacitors  6  and  discharge  initiator  unit  7*  The  motor 
housing  is  made  of  argon  to  improve  capacitor  operation. 

Figure  5.10  shows  the  design  of  a  plasma  pulsed  motor  operating 
on  a  liquid  working  medium.  It  consists  of  cathode  1,  anode  2, 
on  which  initiator  3  is  located,  a  tank  with  the  working  medium  4 
and  a  porous  rod  5j  and  capacitors  6.  The  working  medium,  heated 
in  tanks  4,  through  the  porous  rod  5  is  drawn  into  the  interelectrode 
space  of  the  motor.  The  high-voltage  discharge  between  the  cathode 
and  the  initiators  3  generates  a  plasmoid  which  is  then  accelerated 
in  the  interelectrode  gap  of  the  motor. 

Stress  analysis  of  motor  elements 

The  stress  analysis  of  a  motor  reduces  mainly  to  finding  the 
coefficients  of  safety  for  parts  operating  for  a  long  period  of  time 
in  conditions  of  high  temperatures  and  high  temperature  gradients. 

A  peculiarity  of  this  analysis  is  the  study  of  parts  from  high-melting 
materials  -  tungsten,  molybdenum,  ceramics,  etc. 

There  are  a  large  number  of  cylindrical  shells  in  the  motor. 

Let  us  analyze  the  shells. 

Steady-state  equation  of  the  elastic 
forces  in  a  cylindrical  shell 

The  geometric  dimensions  of  a  shell,  r,  h,  modulus  of  elasticity 
E,  are  given;  it  is  necessary  to  find  the  stresses  ax,  and  bend 
in  the  direction  of  the  z-axis,  w. 

Let  us  assume  that  the  forces  of  internal  pressure  p  act  on 
a  shell  element.  We  apply  to  it  forces  which  compensate  the  element 
interaction  forces  (Fig.  5*11). 
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Pig*  5-9.  Design  of  a  plasma  motor. 


Pig.  5.11.  Element  c  **  a 
cylindrical  shell. 


H+dHs 


, - *r>&2nTx+dTx 


Along  the  faces  of  the  element  forces  T<p  and  moments  Mq,  will 
act  in  a  circular  direction.  They  are  equal  to  each  other  along 
both  faces  due  to  the  axial  symmetry  of  the  shell. 

In  the  axial  direction  forces  T  ,  Q  and  moment  M  will  change 

A  A  A 

along  the  selected  element  since,  in  this  direction,  there  can  be 
no  loading  symmetry.  Usually  forces  and  moments  applied  to  the  faces 
are  examined  as  loads  distributed  along  the  length.  We  shall  designate 
them  with  a  bar.  Obviously, 

Tx=fxrdV  Tx+dTx=Txrd<t+d(fxrd9); 

Mx = Mxr  do;  Mx  -\-dMx— Mxr  dy-\-d  ( Mxr  d< p); 

Qx=Qxrdy,  Qx+dQx=^Qxrdo+ d(Qxr  d<?); 

Tv*=f9dx;  M^—M^dx;  P—prd<?dr. 

Let  us  project  all  forces  onto  the  x-  and  z-axes  and  find  the 
sum  of  the  moments  relative  to  the  axes  parallel  to  y  and  coinciding 
with  the  right  face  of  the  element.  We  obtain 

*  d(Txrd<j)= 0;  5 

-d{Qx-rdj)-tiT9dx  %—^--\-prdodx—d\ 

—  d  (Mxr  do)  -f  7$xr  dy  dx = 0. 

The  first  equation  of  system  (5-1)  indicates  that  forces  T  are 
constant.  Let  us  consider  them  equal  to  zero.  If  they  are  other 
than  zero,  strain  and  stresses  from  them  are  easily  computed  and 
can  be  summed  with  those  which  are  obtained  from  the  solution  of 
the  remaining  two  equations : 

<?;+4-7W:  m;-5,==o. 

.  r  (5.2; 

These  two  equations  .contain  three  unknown  Quantities :  T <p,  Qx  and  Kv . 
Let  us  examine  the  strain  of  the  middle  surface  of  the  shell  unuer 
the  action  of  forces  T<p. 


{ 


I 


I 


Forces  T^,  while  acting  normally  to  the  cross  section  of  the 
shell  in  a  circular  direction,  create  circular  "membrane"  (momentless)’ 
stresses  =  T^/h. 

!  i 

We  must  determine  as  a  function  of  deformation  w.  For  this 
we  should  find  stresses  as  a  function  of  deform'ation  w.  = 


5.12a) : 


Let  us  calculate  the  relative  strain  of  the  element  e_  (Fig. 

,  r 


Hence 


a^P  —  ab lr  +  w)  dy  —  r  rf? _ g. 

a  rdf  '  >'•' 


,  _p.  f  -Ekw 

r  '  ■  r 


(5-3) 


We  find  moment  loads  and  stresses  of  shells  from  these  loads. 

i 

While  examining  the  shells  under  the  action  of  bending  moment  Mx, 

we  reach  the  conclusion,  based  on  symmetry  consideration,  that  the> 

curvature  along  the  circumference  remains  constant:  the  curvature 

2  2 

however,  in  the  x  direction  will  be  d  w/dx  . 

>  * 


%  VI 

i  a r.w  A 


6)  (b) 


/dB^m 


a)  .  U) 


Fig.  5.12.  Obtaining  relative  strains  of  the  shell. 


J 


This  is  obtained  as  a.  result  of  the  deformation  of  the  plate 
by  beriding  moment  distributed  along  the  edge  (Pig.  5.12b).  The 
edge  of  the  shell  can  be  represented  as  an  element  of  this  plate. 
The  curVature  of  the  plate  as  a  result  of  the  effect  of  bending 
moment  is  . 


“  rx  dx*  ’ 


which  agrees  with  thfe  formula  for  rod  curvature. 

I  ‘ 

!  •  i  i 

Stresses  will  be  determined  from  the  familiar  Hooke  relationship 
for  a  plate: 


,MA0=7£^(^-~Fv); 


3f(/W)==TT^(Jir"{'ll-x)‘ 


(5.*) 


Relative  strain,  ex  is  found  from  Fig.  5112: 


a'b'-A-gh  ^ab  +  zdl^-ab  -J  *  —zd”w  *  £  _0 
■  7t  .  ~  r,M  r,  •  <&'  ’  ; 

1 

Since  the  deformation  of  a  plate  in  this  direction  from  bending 
moment  does  not  occur, 


and  binding  moment  is 


W  2  wz 


1 12(1— |i»> 


■w"== 


(i 5.5) 


(5.6) 


Eh* 

where  D  =  _ jtf)'”*  ‘  Let  us  return  t0  equation  (5.2).  Dropping 

Qx,  we  obtain 


Qx  =  M'x  and  then  />, 


hence,  with  the  aid  of  equations  (5-3)  and  (5.6),  we  find 

dx*  \  dr*)  r*  *  (5.7) 

This  equation  enables  us  to  solve  the  problem  of  cylindrical  shell 
deformation. 

Analysis  of  a  cylindrical  shell  uith  constant 
parameters 


In  the  majority  of  cases,  the  thickness  of  a  shell  h,  cylindrical 
rigidity  D,  and  modulus  of  elasticity  E  are  constant  quantities. 

Only  pressure  p  is  variable.  Equation  (5.7)  will  have  the  following 
form  1  1  1 


or,  if  we  designate  3*=- 


©1V  +  —  W  =  p}D, 

r*D  ri 

Eh  3(1  — 


(5.8) 


ArW 


rW 


(5.9) 


This  is  a  linear  nonhomogeneous  differential  equation  of  the  fourth 
order.  Its  integral  contains  the  sum  of  the  solutions  of  the 
equations  without  the  right  side  and  the  particular  solution: 


w  =  e~ ?x  (Cj  sin  3.v  -f-  C2  cos  £x) + (C3  sin 
-f-C4cos 


(5.10) 
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where  w4  is  the  particular  solution  to  equation  (5*9); 

Cp  C2>  C^,  are  the  integration  constants  which  are  determined 
from  the  conditions  on  the  ends  of  the  shell. 

Let  us  examine  the  particular  cases  of  solution  for  this 
equation. 

Case  1.  Stress  and  strain  of  a  free  shell  loaded  by  pressure. 

Let  us  consider  a  shell  without  supports,  loaded  by  pressure 
(Fig.  5.13).  We  know  p,  h,  r,  E.  Find  Oq,,  w,  n. 


Strains  and  stresses  in  the  shell  from  surface  loading  are 
determined  by  the  particular  integral  of  equation  (5-9) •  For  the 
types  of  surface  loading  encountered  in  practice  w^  =  0  which  is 
valid  for  a  load  whose  action  is  expressed  by  the  law  p  =  8xn, 
where  B  is  a  constant  and  n  <  3- 

This  condition  is  satisfied  by  a  uni formly  distributed  load, 
for  example,  gas  pressure,  hydrostatic  liquid  pressure,  a  load 
arising  during  the  thermal  loading  of  a  shell.  Then  equation 

p 

(5.9)  will  have  the  form  (Eh)/(r  )w  =  p  and  the  bend  cf  the  shell 
under  the  effect  of  this  pressure  is 


V)  ~  W, 


£L 

Eh 


p- 


(5.U) 
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It  is  significant  also  that  when  n  <  1  the  particular  integral 
describes  the  stressed  and  strained  state  of  a  momentless  shell 
since  quantity  w"  which  characterizes  the  moment  .stress  of  the  shell 
is  zero.  If  pressure  p  =  const,  then  bend,  slope  angle,  and  the 
second  derivative  will  be  equal: 


W  r=  52'  —  . 


Eh 


Pi  w'-  0;  w"=0; 


also  equal  to  zero  are  derivatives  of  higher  orders:  w111  =  wIV  =  0. 
The  expression  obtained  shows  that  radial  strain  of  the  shell  will 
-be  constant  for  all  its  sections.  There  will  be  no  sag  or  bend, 
which  also  follows  from  the  fact  that  the  slope  angle  of  the  tangent 
to  the  elastic  line  of  the  strained  shell  is  equal  to  zero  (on 
-Pig-..  5.13  -w,  -  0)-.  Stress  is  found  from  dependence  (5*3): 


We  easily  find  the  bend  of  a  shell  from  external  pressure 
when  it  changes  as  a  function  of  x  according  to  law  p  =  BQ  +  B1x. 
Then 

w"—wm  —w]V—0. 

Eh  Eh 


The  form  of  the  strained  shell  is  shown  in  Pig.  5.13. 

In  these  examples  stress  does  not  create  moment  loading  on  the 
shell,  wnich  is  easy  to  establish  from  the  fact  that  the  second 
derivative  of  oend  is  equal  to  zero,  i.e.,  stresses  will  only  be 
membrane  stresses.  They  are  determined  from  formula 


=  E  -7= f(3>+ V)- 
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Variation  in  pressure  on  the  shell  can  be  described  by  a  more  complex 

2 

law.  For  example,  p  =  Bq  +  B^x  +  BgX  .  We  find  the  value  of  the 
bend  from  this  pressure  in  the  form 


♦ 


♦ 


V 


•* 

icAj = A  o + A  i  x + A  2XS, 


(5.12) 


The  values  of  coefficients: 


Bend  is 


Bx+Sl-Bx*. 

1  Eh  * 


Such  loading  will  not  be  momentless  since  the  second  derivative 
w,  characterizing  precisely  such  loading,  will  not  be  equal  to  zero. 


Membrane  stresses  Gy  are  usually  basic,  determining  the  strength 

of  the  shell.  In  approximate  calculation  we  are  frequently  limited 

to  finding  these  stresses.  Strength  evaluation  will  reduce  to  a 

comparison  of  the  obtained  stresses  with  the  ultimate  strength 

of  the  material,  obtained  on  samples  with  allowance  for  the  time 

t 

of  their  operation  and  temperature:  n  =  oQT/a(p.  Condition  r.  >  3. 
should  be  fullfllied. 


Case  2.  Temperature  stresses  and  strain  in  a  free  shell. 


The  quantities  h,  r,  E,  At  are  given.  Find  o,p  ,  w,  n. 

Let  us  assume  that  the  shell  has  constant  parameters  h,  r,  E. 
The  modulus  of  elasticity  E  is  considered  equal  to  its  average 
value.  Temperature  gradient  Ac  is  a  variable  quantity  and  depends 
upon  coordinate  x  of  the  shell.  In  general  form, 


A  t=t-t0=Bxn, 
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where  B  is  a  coefficient: 

i 

n  is  the  exponent  equal  to  Oj  1,  2,  with  uniform  heating,  > 

linear  and  quadratic  variation  in  the  temperature  gradient,  respectively. 

k  * 

We  further  assume  that  the  temperature  of  the  she^l  is [constant 

*  :  1 

throughout  its  thickness.  , 

As  indicated,  the  relative  strain  of  an  element  during  heating 
is  determined  by  formula  ! 

•  i  1 

e=ej*f*8y,  t 

where  et  is  the  thermal  strain  of  a  free  element;  t 

ey  is  the  elastic  strain  of  an  element  due  to  the  constriction 
of  its  deformation.  *  ,  . 

>  , 

For  a  cylindrical  shell  relative  strains  in  the  circular  s 

direction  e,p  *  e^t  +  are  substantial  and  are  easily  converted 

to  radial  strain  w  with  formula  w  -  rt^.,  finally  !  '• 

»  •  •  v 

W  —  Wt  +  Wy. 

) 

Free  thermal  strain  wfc  is  known  (Fig. : 5. l^a) :  !  , 

\ 

? 

wi=rz<?t=ratit. 

■  >  i 

It  is  also  known  that  the  stress  in  the  shell  creates  the  elastic  ^ 
component  of  total  thermal  strain  in  the  element  Wy.  Finding  it 
involves  considerable  difficulties.  1  i 

1  i 

Elastic  component  of  shell  strain  is  found  by  common  procedures 

i 

for  a  temperature  problem.  i 

l  *  » 

a)  We  impose  on  a  cold  shell  rigid  bonds  in  the  form  of  a 
rigid  housing  and  then  heat  it  to  temperature  t.  Thermal  expansion 
of  the  shell  does  not  occur,  compressive  stress  arises  in  it,  and 
on  the  surface  a  reaction  from  the  rigid  walls  in  the  form  of  pressure 
•Ppjfc.  The  same  effect,  <-*»n  be  obtained  if  we  compress  a  shell  expanding 
to  wfc  =  raAt  by  external  pressure  up  to  the  initial  parameter. 


* 


I 


I 


i 


It  is  known  that  sjuch  a  rigid  attachment*  of  the  shell  corresponds 
’  to  the ’conditions  when  elastic  and  thermal  strains  are  equal  byt 

.  ■  i  ' 

opposite  in  sign: 


W  =0;  Wv—  —  Wt  —  —  f O A/; 


(5..  13) 


Tn^  asterisks  indicate  that  b,ends  are  obtained  during  the  frigid  i 

■  ■  1  ’  i 

attachment  of  the 'shell.  Let  us  find  the  wall  reaction  p„.  ,  which 

}  «  *  \  j 

holds  tljie  shell  in  a  compressed  yndeformed  state.  .Shell  deformation 
‘  from  pressure  pRfc,  in  general ' form,  is  ,  , 

1  ,  ABxn, 

where  A‘ is  a  coefficient.-  : 


»  l  ' 


,  ! 

t 

f 

i 

■  i 

I 

! 

*  | 


•n-r 

min- 

•  6)i S? 


Fig.  5-14.  1  ’  |  •  * 

* 

<  1  TV  ! 

For  the  studied  case  w*  =0;  then  bend  w*  can  be  determined 


from  equation 


i  i 


r*£>,  D 


assuming  w*IV,=  0: 


1  =  —  since  wQ  =  0,  and  W°‘==0'  H 


hence 

i 


■  ■  *i 

w'=—pRt% 


Eh 
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Bend  w  is  an  elastic  bend  of  the  shell  as  a  result  of  pressure 
pRt.  This  bend  is  known  from  relationship  (5.13):  w#  =  -raAt. 
Equating  those  values  of  w#,  we  obtain  the  pressure  pRt,  which  holds 
the  shell  in  a  compressed  state  as  a  result  of  the  application  of 
a  rigid  bond: 

!  —  Pm=  ~ra\t 

Eh  1 

and 

_  Eh'. 

Pri - - ctA/. 

r 

The  obtained  shell  deformation  w#  =  -w£  =  -raAt  and  reaction 

y  « 

forces  -pRt  differ  from  the  actual  since  actually  there  is  no  rigid 
attachment.  The  shell  is  free. 


b)  In  order  to  obtain  the  pure  deformation  of  the  shell,  we 
should  apply  the  load  arising  in  the  shell  during  its  attachment 
but  with  opposite  sign.  We  find  the  bend  of  the  shell  from  the 
reaction  pt  =  -pRt  from  equation 


Ehdht 

rD 


(5. 1*0 


c)  The  sum  of  the  two  deformations  obtained  from  equations 
(5.13)  and  (5.1*0»  which  we  shall  designate  w  ,  gives  us  the  elastic 
component  of  total  shell  deformation  during  its  thermal  loading: 

Wy  =  -raAt  +  Wp. 

Hence  we  find  the  stresses  arising  in  the  shell  from  thermal 
loads : 


EaM  ~'rE 


(5.15) 


d)  The  numerical  value  of  total  thermal  deformation  by  heating 
a  free  shell  is  found  from  relationship 

=  w.  +  w„  =  raAt  -  raAt  +  w  =  w  . 
t  y  P 


w 


(5.16) 


Thus,  the  bend  obtained  from  equation  (5- 11*)  is  the  total  bend  of 
the  shell  as  the  result  of  its  thermal  loading. 

The  procedure  for  determining  w  and  w  is  shown  in  Pig.  5 -  j - 

Let  us  examine  the  stress  and  strain  of  the  shell  as  a  result 
of  a  given  temperature  gradient  At. 

If  the  temperature  gradient  is  a  constant  value,  i.e..  At  =  const, 
then  from  equation  ( 5  •  )  it  is  apparent  that  wIV  *  0.  Then 

w  «*  Wq  +  wH  =  w  }  Wq  ®  0.  Furthermore, 

Eh  EhaSt . 

— ~W  — - t 

r*D  rD 

hence 

w—wH—raAt}  w' —w" —O', 

wy=—  ra&t + =0;  ot=0; 

•  w~wl  -j-Wy—tyf — ratat. 

Thus,  uniform  heating  of  a  free  shell  does  not  cause  thermal 
stresses  in  it}  shell  deformation  is  equal  to  unconstr 1 cted  thermal 
deformation. 

If  the  temperature  gradient  varies  according  to  linear  law, 
i.e,,  At  «  BQ  i-  B^x,  it  is  apparent  from  equation  (5.1*0  that 

wtv  =  0;  ‘W ®0-fw,= u'H;  w0=0; 
w—-wH—raAt=ra  (#0 
•ay'~ra3,;  w" =w'"  =  wxv —0; 
wy~~  ruAt  -}-  wp  —  0;  s~  —  0; 
w wt  wy=w(~  raAt  — •  ra  ( B0  ~'r  Bxx). 
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Thus,  a  linear  law  of  temperature  gradient  variation  along  the 
axis  of  the  free  shell  does  not  cause  thermal  stresses.  Its  strain 
is  equal  to  unconstrained  thermal  strain. 

Let  us  examine  the  case  when  the  temperature  gradient  varies 

p 

according  to  parabolic  law  At  =,Bq  +  B^x  +  B2x  . 

Since  w  =  AAt,  then  wIV  =0;  further 

tci=a»0-f w0=0; 
w  -=  — ra \t = ra  ( B0  4-  B  Xx  -}-  S2  *2). 

However, 

w'=ra(5,-f252);  w"=2rafl2, 

i.e.,  with  a  quadratic  law  of  temperature  gradient  variation  the 
shell  will  not  be  in  a  momentless  membrane  state.  Thermal  stresses 
will  arise  in  it.  Deformations  of  a  free  shell  are  shown  in  Fig.  5.1^c. 

Case  3.  A  shell  is  loaded  on  the  edge  by  distributed  moment 
and  shearing  force. 

The  quantities  E,  h,  r,  QQ,  are  given.  Determine  o^,  ox,  w,  n. 

Let  us  examine  a  long  cylindrical  shell  (Fig.  5.15)  to  the 
edge  of  which  are  applied  bending  moments  and  shearing  forces 
QqJ  these  forces  and  others  are  uniformly  distributed  along  the 
edge  of  the  shell,  i.e.,  when  x  =  0.  For  the  sake  of  simplicity, 
the  bars  over  Q  and  M  are  eliminated. 

Pressure  p  =  0;  therefore,  in  the  general  solution  (5.10)  we 
should  assume  wu  =  0  and  seek  the  general  integral  of  the  homogeneous 
differential  equation  (5.9)>  i.e.,  solution  to  the  equation  without 
the  right  side. 
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It  is  known  that,  in  this  case,  the  integral  (5.9)  expresses 
the  edge  effect,  i.e.,  the  effect  of  radial  distributed  forces  and 
moments  acting  on  the  edges  of  the  shell.  Since  the  applied  forces 
produce  local  bend,  rapidly  diminishing  to  zero  as  the  distance  from 
the  end  increases,  we  conclude  that  the  second  term  in  the  right  side 
of  equation  (5.10)  must  be  zero.  Therefore,  Cg  -  =  0, 


o>=e-p*(C|Sinpx+C2cos^).  (5.17) 

Constants  C1  and  C2  are  determined  from  the  boundary  conditions: 
when  x  =  0  Mx  =  Mq  =  Dw";  Qx  =  Qq  =  Dw"‘  we  differentiate 
equation  (5.17)  three  times,  we  obtain 

w' = pe-^lC,  (cos  — sin  3.V) — C2  (cos  3*4-  sin  3*)J; 

w" = 2'pe-t*  [  —  C,  cos  $x  4-  C2  sin  p.v|; 

w"' = yper**  [C,  (cos  ,3jc  -f  sin  %x)  f  C2 (cos  ftor -  sin  [<*)]. 


We  substitute  into  these  equations  the  following  boundary  conditions: 


Mp 
2  VD 


* 


Wo+W 


Finally, 


W 


[3A/0  (COS  8*  -  sin  $x)  4-  Q0  cos  M- 


Maximum  bend  on  the  loaded  end  is 


(5.18) 


(5.19) 


The  slope  angle  of  the  tangent  to  the  elastic  line  on  the 
loaded  end  of  the  shell  is  found  by  differentiating  expression 
(5.13): 
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(5.20) 


(5.21) 


If  we  introduce  the  following  designations: 

o=e~M(COS  sfnb*);  <j>=e“Px(cos  — sin  ?.v); 

0=£“pxcos5.*;  C— -£~Pxsinfijc, 

the  expressions  for  bend  and  its  derivative  can  be  represented  in 
the  following  form: 


w'  — 


10  — 


The  numerical  values  of  functions  <p,  <J»,  0  and  £  are  presented 
in  Table  5.1  [38]. 

Functions  <p  and  ^  are  presented  in  Fig.  5.16,  function  e  in 
Fig.  5.17. 

From  the  curves  and  the  table  it  is  apparent  that  the  functions 
determining  shell  bend,  with  an  increase  in  quantity  3x,  approach 
zero.  Consequently,  bend  has  only  a  local  character,  as  suggested 
initially,  in  the  calculation  of  integration  constants. 


=-^-ca>VtQo?); 

-il2?;W09-Q04). 
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Fig.  5.16.  Graph  of  functions  Fig.  5.17.  Graph  of  function  c. 

9  and  ip. 

The  curves  presented  make  it  possible  to  establish  boundaries 
which  distinguish  a  long  shell  from  a  short  one.  From  formula  (5.17) 
it  is  apparent  that  shell  bend  w  and  its  derivatives  are  attenuating 
curves.  Wave  length  is 


I 


Table  5.1.  (Continued) 


• 

J 

? 

♦ 

i 

'8 

C 

3,3 

0,0122 

"0,030(5 

•  u,0334 

0,1. 05s 

3.4 

0,0403  ! 

0.0237 

0,0323 

0,0085 

,  3,5 

0,0389 

0,0177. 

0,0283 

0.0103 

3,3  : 

0,0363 

0,0124 

0.0245 

0,0121 

3.7 

0,0341 

0,0079 

0,0210 

0,0131 

3> 

0,031.4 

0,0040 

0,0177 

0,0137 

3,9 

,  0.0286 

0,0008- 

i  0.0147 

0,0140 

,  4,0. 

0,0258 

0,0019 

0.0120 

0,0139 

With  each  half-wave  (for  example,  sinusoid  in  Pig.  5.17)  the 

amplitude  of'ttye  function  changes  sign  and  decreases  in  absolute 

magnitude  by  a  factor  of  23. 11!.’  If' the  maximum  of  all  functions 

agreed  with  the  origin  of  coordinates  x  =  0,  we  could  conclude  that 

with,  a  cylindrical  shell  length  of  l  -  1/2  =  2.il/rh,  its  calculation 

as. a  "long"  shell,  without  allowing  for  the  mutual  effect  of  both 

edges,  leads  to  error  no’t  exceeding  555-  However,  since  the  maximum 

amplitudes  of  these  functions  do  not  always  agree  with  the  edge  of 

the  shell',  for  ordinary  calculations  a  cylindrical  shell  can  be 

> 

assumed  "long"  if  l  >_  3/rh 

i_-  » 

After  finding  moment  Mv  and  bend  w,  we  find  from  expression 

*  A 

(5.16)  moment  K  and  the  value  of  force  T  from  equation  (5*3). 

I  — 

It  is  obvious  that  the  outer  cr.oss  section  will  also  be  the 
most  ptressfed.  On  it  are  the  following  bending  moments  and  forces: 
moment  Mx  =  Dw"Mq;  moment  =  pMx;  tension 

Eh 


r. 


Ehw 


r  /2W  D 

According  ito  these  lodds,  stresses  are 


C^o+Qo). 


Eii)  OAf* . 


(5.23) 
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Hence  generalized  stress  is 

3,=)/aT+K  (,11)  +  ofp  -  >,  (=,  (,«)+»»]. 

°i  t 

The  coefiicient  of  safety  is  tl= — ■ — \  fl^\. 

,  °i  m»x 

As  seen  from  Pig.  5*15  and  5«l8,  the  most  stressed  spot  of 
the  shell  is  the  circumference  passing  through  point  A. 

Case  4.  Stresses  in  a  supported  shell  loaded  with  pressure. 

The  edge  of  the  shell  has  a  hinged  support  (Fig.  5.19).  The 
quantities  r,  h,  E,  p  are  given.  Find  o<p,  ox,  (M),  w.  The 
initial  equation  is 


V)  —  e~$x  (Cj  sin  3.v  -f  C2  cos  'ix)  -rWH.  (5.24) 


The  following  solution  sequence  is  selected.  We  determine  the 
deformation  of  a  free,  unsupported  shell  under  the  action  of  pressure 
p.  Then  we  apply  to  the  end  of  the  shell  force  QQ  so  that  total 
shell  deformation  at  the  support  point  is  zero.  This  procedure 
makes  it  possible  to  use  the  results  of  the  preceeding  calculations. 


Deformation  of  a  free  shell  is  determined  by  the  particular 
integral 


*  Eh 


where  6  is  the  bend  of  the  free  shell  under  the  action  of  pressure  p. 

*|  i 

1  /  IV  oJM)  /*rw 


Fig.  5.18.  Diagram  of  shell 
stresses. 


Fig.  5.19.  Stresses  in  a  shell 
with  a  hinged  support. 
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The  bend  of  the  shell  as  a  result  of  force  Qq  is  found  from  the 
general  solution  to  equation  (5.17)  obtained  during  the  solution 
of  equation  (5.9).  Integration  constants  C-^ ,  C2  of  the  general 
solution  are  determined  from  conditions: 


when  x  =  0  Wq(0)  =  -<5;  Wq(0)  =  0,  since  Mx  =  M(0)  =  0. 

Then  from  equation  (5-19)  we  find  the  necessary  reaction  Qq  for 
fulfilling  these  conditions: 

«•  (0) = 0„  =■■  -  8;  Q„  =  -  23308. 


Now  we  find 


w  —  ~ - Q0  cos  pje  -1-  — ; 

2?3 D  0  r  1  Eh 


■w 


—  O0(sin?A-  -f  cos  ?  ); 


2?2  D 


w"  ~  — —  Qn  sin  fix. 


U> 


According  to  formulas  (5.23)  we  can  find 

w 
r 

6  £)w" 


3?  -  (npii  .v 0  Cf—0); 

;  =T-(;V/)  =  |iV 


V*' 


/j2 


(npn  =  when  ) 

The  stress  diagram  is  shown  in  Fig.  5*19. 

The  edge  of  the  shell  has  a  rigid  attachment  (Fig.  5.20). 
Solution  is  found  from  formula  (5.2*)).  The  deformation  of  a  free 
shell  from  pressure  p  is 


53? 


Let  us  strain  a  free  shell  loaded  with  pressure  so  that  the 
boundary  conditions  of  a  shell  with  a  rigid  edge  attachment  are 
satisfied'.  The  boundary  cpriditions  of  such  a  shell  will  be: 
when  y.  =  0  v/(o')  =  -6;  w'(0)  =  0. 

We  find  the  necessary  values  pf  and  Qq  to  satisfy  these 
conditions  from' equations  (5.19)-  and'  (-5.21) 

M0 = 2p-Dt>;  Q0  »  _  WOl. 


As  a  result,  we  have  obtained  the  positive  bending  moment 
and  the  negative  shearing  force  acting  as  shown  in  Pig.-  5.20.  When 
we  substitute  these  values  into  expression  (5.22),  with  the  use 
of  the  table  the  bends  and  bending  moments  can  easily  be  computed 
for  any  distance  from  the  end  of  the  shell: 


W  — 

2fiD 

?x 

232 o 

w  - 

yo 

[?Af0  (cos  3.y  -  sin  ,3a*)  Q„  cos  3a] -f ; 
(2p/W0  cos  ,3a  -f  Q0  (cos  pA  sin  £a)]; 

[HMq  (cos  ,3a  *f  sin  3a)  -}-  Q0  sin  3a]. 


53^ 


(5.25) 


Stresses 


f 


'X 


§DW_ 

h  2" 


—  -J1®  jf» 


The  stress  diagram  is  shown  in  Pig.  5*2°* 


Case  5.  Stresses  and  strains  of  a  shell  having  supports, 
as  a  result  of  thermal  loading. 

The  edge,  has  a  hinged  support  (Pig..  5*21).  The  quantities 
r,  h,  E,  At  are  given.  Find  a<p,  ax>  w. 

a)  Shell  deformation  with  thermal  loading  is 

W—Wt  +  Wy,  where  Wt=ra&t 

b)  Elastic  deformation  in  the  shell  with  the  application  of 
rigid  bonds  is 

tc>=0;  zVy~~Wt=~~raM. 


c)  Elastic  deformation  of  the  shell  from  pressure  arising  as 
a  result  of  the  application  of  bonds  is  determined  from  formulas 
(5.8)  and  (5.1*0: 


0,1  v+ 

p  ^  r*D  p  rD  ’  “ 
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Solution  is  sought  from  formula 


w _=a;0-f Wu=^"*?'v(^,isjnSjf-T:-^,2C0i-,‘.  *  r«V! 


We  assume  that  At  =  Bx  ,  where  n  <_3,  then 


ty,v  =  0  and  7^= rctA^ =  . 


We  have  obtained  the  deformation  of  a  shell  for  a  case  in  which 
there  are  no  supporting  devices.  We  designate  this  deformation  6;. 

But  the  fact  is,  at  the  support  point  reaction  QQ  arises,  which  does 
not  allow  the  edge  section  to  be  moved.  VJe  shall  find  the  value  of 
the  general  solution  to  the  equation  for  wQ: 

.  i 

w0~e~^x(Ci  sin  ^x-\~Cz  cos  $x)»  , 

> 

Integration  constants  and  C2  are  found  from  conditions:  ,  . 
when  A  =  0  W0(o)=  —8(0);  (<?)==  0.  “ 

1  » 

*  ; 

*  »  , 
Here  6(0)  is  the  value  of  the  particular  integral  wH  on  the 

edge  of  the  shell  6(0)  *  r«At(o),  where  At(o)  is  t.he  temperature 

gradient  on  the  edge  of  the  shell.  t  1  , 

From  equation  ( 5 *  19 )  we  find  the  reaction  of  the  support 


(?0=“2pTO(o) 


and  ”,he  unknown  deformation 


Q°  C°s  3.v  +  ru A/ -=  w°  4* 

d)  Let  us  find  the  elastic  deformation,  and  its ‘derivative  for 
determining  stresses  in  the  shell: 
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1 


Wy——  rakt-\-wp—w0—  ^  Qo'cos ?•*; 

'  *  i 

Q0 (sin  fU  +  cos  3a*);  w'y  =  Q0 sin  p.v. 


2^£> 


The  curve  of  wy  variation  is  shown  ^n  Fig.,  5.£lb.  Circular  stresses 
in  tlie  shell  are,  ' 


o9='E 


t Cm 


Let  us  note  that  they  will  be  the  greatest  when  x  *  0. 


Stresses  in  the  shell  from  bendingi  are 


6Afx  ftDw"  . ... 

3  =— -i  =  — . —  ;  <j5M;)=tt3 

*  m  ifl  '  '  r>  ’  '  x 


The  stress  curve  is  shown  in  Fig.  5.21c.  1 


e)  >  Total  shell  deformation  ls( 

»  *  ! 

!  '  w—wrY  w.j  =  raktr\-  w0— wp. 


I  •  ! 

As  in  other  cases,  total  deformati_.i  is  the  result  of  the 

I 

solution  to  equation  (5.1*1).  T'  character  of  the  total  deformation 
curves  is  seen  in  Fig.  5-21V.  *  ,  ! 

I  i  i 

'The  edge  has  a  ri^iv  ..tachment.  Let  us  introduce  formulas  1 
foi*  calculating  strains  and  “stresses . 

:  •  i 

I 

•  i  ‘  ,  i 

>  The  strain  of  the  shell  during  thermal  loading  is 

i 

Wy—rakt4-'wy.  .  >  i, 

•  i 

Elastic  deformation  of  the  shell  is  ,  , 

1  ■  .  . 

wy=  ~raM-±wp. 

'  i  ' 
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i  ■  i 


i 


I 


The  value  of  w  is  found  from  formulas  (5.1*0: 

wp  ■—  Wo  *f  wq = e~?x  (Ct  sin  3.v  -f-CjCos  >.v)  -f- 
where  w  =  raAt. 

.  The  integration  constants  C-^,  C2  are  determined  from  the 
conditions:  ; 

.v  =  0;  iC'o(o) A(o);  ^o(o)  =0,  where  8(o)  =raA/(o). 

We  find  MQ  =  28^DS(o);  Qq  =  -*J8^D6(o).  Then  we  calculate 
w,  w' ,  w",  o^,  ax,  o( p  (M)  according  to  formulas  similar  to  the 
formulas  in  Case  *4  and  the  total  deformation  of  the  shell  is 
w  =  „t  +  w  y  =  wp. 

Let  us  examine  an  example  of  the  calculation. 


‘V  MM 


Fig.  5.22.  Analysis  of  a  cylindrical  anode. 
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Example  5.1.  Find  the  stress  and  the  coefficient  of  safety 
for  a  cylindrical  anode  whose  dimensions  are  shown  in  Fig.  5.22 
if  the  following  is  given:  material  is  Khl8N^T  steel;  E  =  1.45*10^ 
daN/mm2;  a  =  (21.2-22.2)10”^  1/°C.  The  left  end  of  the  anode  is 
rigidly  attached.  The  temperature  along  the  length  of  the  anode 
is  distributed  linearly. 

1.  Law  of  temperature  variation  along  the  anode  is 
At  =  Bq  +  B-^x. 

From  the  condition  when  x  =  0  At  =  430°C;  when  x  =  1  4t  =  580°C 
we  obtain  Bq  =  430;  Bn  =  4.3. 

2.  Let  us  evaluate  the  length  of  a  shell: 

>  3  |  rh  ~  3  \  '  50*0,5  ='  15  mm, 
i.e.,  the  shell  is  long;  l  -  35. 

3.  We  find  the  reaction  Qq  and  Mq.  If  the  shell  did  not  have 
an  attachment,  its  deformation  would  be  equal  to  the  deformation 

of  a  free  shell,  i.e.,  6  =  roAt;  at  the  attachment  point 
6q  =  raAtQ  =  50*21. 2*10"6,430  =  0.455  mm. 

Since  the  shell  is  attached,  we  deform  its  end  by  quantity 
<5q  =  -0.455  and  find  what  force  QQ  and  moment  Mq  should  be  applied 
for  this.  We  solve  the  system  of  equations  (5.19)  with  boundary 
conditions: 

—  0;  w  (o)  =  ■ —  w*  (o)  =  0; 

9  (o)  =  (3Af0  +  Qn) «-  V.  (o)  =  <3?Af0  +  Qo)  =  0  • 

hence 


Mq  232/15  =  2-0.2572. 156, 3-0, 155  =  10,02  ^aN  mm/mm; 
Qo =—  1*0, 2573*  136, 3-0, 455  =—5,14  daN/mm. 
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We  determine 


-? 


J_.29 _ 1.29  _ 

/ rh~  /Wfij 


0,275  1/mm; 


_  Eh3 
D~  12(1—1x2) 


Uo- 104-0,53 

12(1  —  0,.?2) 


daN  *  mm . 


H.  We  find 

e~?x 

t Vp  -  -  ■  ^  f^o (crs P*  —  sin '?*)  +  Qo  fos^J  +  &  =  «’0  + l; 

tty 

°9=£ — “•  where  o-y  =  wp  —  rctA/. 

Calculation  is  reduced  in  Table  5.2.  Let  us  determine  the 
coefficients: 


2^D  =  2-0,2573. 166,3 r=  5,65  daN/mm2; 
pAfg ~ 0,257- 10,02 *» 2,58  daN/mm; 


E_ 

r 


1,45«1(H 

50 


—  290 


•3 

daN/mm  . 


The  bend  determining  the  stress  in  a  cylindrical  shell  is 
found  in  line  10.  Actually, 


wy  —  —  raM;  sine ewp  =  tf'o  +  8  and  &  &  rabt,  then  wy  —  tro. 

Figure  5.22  presents  curves  of  wQ,  wy,  6  and  the  total  anode 
bend  Wj.  as  a  result  of  its  heating. 

5.  We  find 

g~P* 

w”  —  — —  |?Afo  (cos  ’ix  +  sin  ?>*)  +  Qq  sin  Ml 

?D 

6DW'  iUS 

«X  =  ;  °9  (M)  = 


5^0 


The  calculation  is  presented  in  lines, 16-23  of  Table  5.2. 
Let  us  determine  the  coefficients: 


/D  —  0,257-1^6,3  =  42,6  daM/mm; 

t 


6D 

hi 


— ^  =  .3980  daN/mm2. 
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Stress  distribution  along  the  anode  is  indicated  in  Fig.  5-23. 

Case  6.  Thermal  stresses  in  a  free  shell.  The  quantities 
h,  r,  At  are  given.  Find  o^,  ox,  (M),  w. 

It  is  known  that  thermal  stresses  in  a  free  shell  occur  if  the 
law  of  temperature  variation  along  the  length  is  nonlinear,  i.e., 
if  At  =  Bx11  when  n  >  2.  We  assume  At  =  BQ  +  B^x2. 

Deformation  of  the  shell  is 

W  =  Wt  +  itfy,  where  Wt—f oAf. 

We  find  the  elastic  component  of  the  deformation. 


With  the  application  of  rigid  bonds 

o>  =  0;  wy= — wi  —  —ratit 

Deformation  of  the  shell  from  the  stress  arising  as  a  ivau.lt 
of  the  application  of  bonds  is  determined  from  equation  (5.1*0: 


Eh  EhaSt 


P  1  rin  P 


HD  !>  rD  * 


We  obtain 


WP  =' wo  4-  — e~?x (Ci  sin  It  -f- C2  cos  t)  -f 

+e'fX(C3  sin  3.t  -f*  C,  cos  3  x)  -f- 


5^1 


Table  5.2. 


% 

CT- 

po- 

Kit 

(2) 

4>yiiKu:m 

43) 

Mho- 

Te.it 

jr  0 

5 

10 

20 

30 

x  =35 

1 

Bjc 

1 

0 

1 ,285 

2,57 

5,14 

7,71 

8,99 

2 

e“Px 

1 

X 

0,275 

0,0765 

0,0059 

0,00045 

0,000123 

3 

e-?x/233£) 

1 

0,177 

0,0485 

0,0l35 

0,00.05 

3,000079 

0,0000218 

4 

sin  Bx 

1 

0 

0,958 

0,5403 

-0,909 

0,9901 

0,4169 

5 

cos  2* 

1 

1 

0,2837 

—0,8415 

0,4169 

0,1433 

—0,909 

6 

(5) -(4) 

1 

1 

—0,6713 

-1,3818 

1,3259 

— 0,8498 

—1 ,3259 

7 

?  Al0(6) 

1 

2,58 

-1,73 

— 3,55 

3,42 

-2,19 

—3,42 

8 

Qo(5) 

1 

-5,14 

-1,48 

4,33 

-2,14 

-0,721 

4,68 

9 

(7)  +  (8) 

1 

-2,56 

—3,21 

0,77 

1,28 

—2,91 

1,25 

10 

(3)(9)  =  tr0 

1 

—0,455 

-0,156 

0,0104 

0,00134 

-0,0003 

0,0000 

11 

1 

430 

451 ,5 

473 

516 

559 

560 

12 

a 

10-6 

21,2 

21,5 

21,6 

21,8 

22,1 

22,2 

13 

w^  —  rabt 

1 

0,455 

0,485 

0,511  * 

0,562 

0,6 1 7 

0,643 

14 

Wp=,(10)  +  (13) 

1 

0 

0,329 

0,71 

0,583 

0,6l7 

0,643 

15 

1 

—132 

—45,3 

30,2 

0,39 

-0,057 

0 

16 

e~?xl3D 

1 

0,0235 

0,00645 

0,0018 

0,0001 4 

.0,0000 

0,0000 

17 

(4)+(o) 

1 

1 

1 ,2447 

-0,3012 

—0,4921 

1,1304 

-0,4921 

18 

SAfo(;7) 

1 

2,58 

3,21 

-0,776 

-1,27 

2,92 

-1,27 

19 

Qo(4) 

1 

0 

-4,93 

-2,78 

4,67 

-5,09 

-2,14 

20 

CP) +  (19) 

1 

2,58 

—1,72 

— 3,56 

3.40 

-2,17 

—3,41 

21 

IF"=('6)(20) 

1 

0,0514 

-0,0113 

-0,00546 

0,00018 

0,00002 

-0,00001 

22 

°jr 

1 

245 

—45,1 

-25,8 

1,9 

-9,09 

-0,04 

23 

1 

73,5 

-13,5 

-7,75 

• 

0,57 

-0,03 

-0,01 

KEY:  (1)  No.;  (2)  Function;  (3)  Factor. 


Let  us  find  wH<  Assuming  that  wIV  =  0,  we  obtain 
We  find  the  general  integral  wQ. 


Integration  constants  C±t  C2>  C3,  C„  are  determined  from  boundary 
conditions : 

when  A'  =  0  Wp(fi)  =  ap(o)  —  0l 
when  A = /  WP  (/)  =  WP(,l)~  0. 


If  we  differentiate  the  general  solution  for  wp  three  times, 
we  obtain 


w'p=e~?x  sin  pA  ( — f>C,  —  3C2)  -f  e~?x  cos  ,3a  (3C,  —  pC2)  -j- 
-}-  sin  pA  (?C3—  8C4)  -f  epx  cos  3a  (8C3~  ££.,)  -|-  2  A  ,a; 
w'p  —  e~?x  sin  (3a  (2£2C2)  -\-  e~?x  cos  ,3a  ( —  2i32C1)  -f 


i 


i 


l 


f  <?**  sin  $x  ( -  2p*C4) + e>*  cos  3*  (232C3)  4-  2AX\  1 

^•^e-P^sin  ^(233Cl~2?3C2)-re“«,Jf  cos  'ix  (2^3C1+233C2)-|- 
~efx  sU\Zx(  —  2£3C3  —  233C4)  -}-  cos  yx  X  • 
X(2S3C3-233C4).  . 


i 


(5.26) 


i 


i  " 


After  substituting  the  u>undary  conditions  into  these  equations',  !  ; 

we  find  integration  constants  C.  The  problem  is  simplified  by  the  i 

fact  that  for  a  long  shell  we  can  determine  them  independently.  1  j  ' 

i  •  i  j 

V/ hen  x  =  0  we  find  C^,  C2,  if  we  assume  =  0.  Then  (  i  < 

a>'  (o)  =-  e-f>* sin  3* (232C2) - cos  ■U(232C,)-}-2:41  ==0,  .  , 

P  ! 

or 

—  2?*C,+2A,=0;  _  , 

wp  (®): sin  WV, - 2?3C2)  +  COS  %K (2S5C,  +  23»c,)= 0, 

1  .  '  1 

< 

or  Cj  +  C2  =  0.  i  ! 

i 

When  x  =  l  we  seek  C^,  C^,  after  assuming  C-^  =  C2  =  0:  j 

i  t 

(/)•=. ^*  sinp/(  — 232C4)-{-£^,  cosp/(2p2C3)-f  2d,=*0;  ,  . 
w'p  (l) — z  sin  3/ ( —  2p3C3  —  233C,)  -f-  £?p/  cos  3/  (233C3-  2>3C4)  =0. 

i  !  1 

i 

Thus,  integration  constants  C^,  C2,  C^,  are  defined.  From  equation  .  ( 

(5.26)  we  find  the  values  of  w  and  w",  and  then  the  elastic 
deformation  and  stresses  in  the  shell:  ,  : 


I 

wy  =  ratf  -f  -f  ra  =  -^o  J 


«r  = 


6MX  =  6Dwy. 
hi  hi  * 


«?(^PPsr 


5M 


I 


j 


I  I 

Total  deformation  of  the  shell  is  i 

i  i  •'  w  =  rakt-{-wy~ra£it-\-w(t. 

'  '  <3*  t 

Let  us  plot  the  curve  for  the  shell's  coefficient  of  safety  n~ — — , 
i  !  1  1  0/ 

*  '  f 

1  i  The  quantity  a  will  be  variable  since  the  temperature  along 
the  axis  of  the  shell  is  variable.  A  variable  quantity  also  is 
!  generalized  .stress 

4 

°l  -  V<&  +  l°*  +  a9  (^)l2  —  °x  K+  (*W )]. 


If  we  jclot  both  df  these  curves  and  their  ratio,  we  obtain 
the  curve  for  the  coefficient  of  safety  n  =  f(x). 

■  1  1  ! 

•Example  5.2.  Find  thermal  stresses  in  a  free  cylindrical 
shell  (Fig.  5. 24)  if  ,the  following  is  given:  a  =  6.5*10“°  deg--1; 
Ef  +  2.&3*10^  daN/cm2;  p  =  0.3;  At  =  2160  +  1.73x2. 


i  1  Elastic  deformation  of  the  shell  is  w  =  ~ro.Lt  +  w  . 

,  «y  p 


Let  us:  find 'deformation  w  from  equation  (5.14): 

P  * 

i  w/f »  -r  :c., !-  >r?x  (Ci  «injl.v  -i-  C,  cos ]5a-)  + 


(C3s'm]3.v  +  C4ros?x)  4-  . 


Particular  solution,  of  w  : 


i  i 


p,— raA/=!26  •  6,5  •  10-6(2l60-{-  !,73x2)  — 
=  1770-  10-H-l,' 417-  iC-V=/40+.4|X*. 


Lei  us  find  the  general  solution  to  equation  (5.14)  without 
the  right  side.  .  ( 

i 

i  We  find1  the  quantities  6,  L.,  arid  then  the , coefficients  C^,  04, 
C^y  from  boundary  conditions: 


when  w 

i 


l.v  =r  0  T£'J,(0)=  w"(o)  =  0; 


when  ,v"~  /  Wp(e)  -•  w"  e)  -  0, 


i 


a  «na 


-raAt  njj 

a)  (a) . 


$  (b) 


fx(M) 

W  L*so 


M. 


z)  (d) 


Pig.  5.21!.  Anode  analysis. 


On  the  left  end  when  x  =  0  we  find  C^,  C2,  if  we  assume 
=  Cjj  =  0.  On  the  right  end  when  x  =  £  we  find  C^,  C(J  if  we 
assume  0^=02=  0. 

Thus,  when  x  =  0  -232C-L  +  28.3^*  10~5  =  0;  C1  +  C2  =  0;  hence 
Cj  =  10,8-!0-i  c.v;  C2  =—  10,S*  10—4  cm. 

When 

.t  =  /  — 3, 12 ( —  2VCa)  -  2.5,8  (252C3)  t  28,3 1  •  10-5  =,  0; 

-  3 , 12  (-  C3  -  CA)  -  2o ,  8  (C3  -  C.)  =  0; 


hence 


C3  =  0,46.10-4  <?,ir;  =  0,33. 10-4  cm 
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.  .Computation  of  w'"  is  made  in  lines  27-30  of  Table  5-3. 

VJp.  find  the  stresses  tx(,Q)  in  line  ?1  of  ‘Iht'l.e  5.3  computed 
according  to  formula 

T*  (Q)=  -|*  Qx=  DW"  =  2,59. 105 ; 

O  ft 

.  \  tx(Q)%.0, 17^106^'. 

As  is  apparent  from  the  .table,  the  value  of  shearing  stress 
is=  .not,  high.  I-r  -the  future  we  shall  disregard  it.  Generalized 
stress  in  the:- shel'T  is- 

«/«  J/  «i+afS— 

t 

and  the  coefficient  of  safety  n  a  — 

9 1  max 

Figure  5.24c  shows  the  obtained  coefficients  of  safety  and 
stress  curves  in  the  shell. 

Analysis-  of  a  cylindrical  shell  with  variable 
parameters 

Let  us  solve  equation  (5.7)  for  a  shell  whose  parameters  are 
arbitrary. 

The  quantities  E,  h,  a,  At  are  given.  All  these  quanta,  es 
can  be  variable.  Find  o^,  ox,  o,p  (M),  w. 

We  shall  examine  a  case  when  the  left  end  of  the  shell  has  a 
rigid  attachment  and  the  right  is  free  (Fig.  5*  2*id) .  Let  us  assume 
that  the  shell  is  long.  It  is  possible  by  direct  integration  of 
XLff*?rential  equation  (5«7)  >  with  allowance  for  boundary  conditions, 
»-  a  nonhomogeneous  linear  integral  equation  and  to  solve 

..  .  ♦..*  method  of  successive  approximation.  Since  equation  (5*7) 
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belongs  to  the  class  of  differential  equations  containing  a  large 
parameter,  the  process  of  successive  approximation  will  be  slowly 
convergent,  which  is  not  convenient  in  approximate  calculation 
when  calculation  is  performed  on  ordinary  digital  computers. 


It  is  advisable  to  return  to  the  calculation  method  already 
used:  to  represent  the  stressed  state  of  the  shell  as  the  sum  of 
the  momentless  stressed  state  and-  the  stressed,  state  as  a  result  of 
local  loads  causing  a  moment  stressed  state  rapidly  attenuating  as 
the  distance  from  the  loading  zone  becomes  greater.  Thus-*  the 
solution  to  equation  (5*7)  will  be  composed  of  its  particular 
solution  and  its  general  solution  without  the  right  side, 
wp  =  wQ  +  wH. 

The  initial  differential  equation  (5-7)  for  the  case  of 
thermal  loading  assumes  the  form 


/ry_  *\»  \&h  hEaM 
( Dwp )  +7 


(5-27) 


Let  us  free  the  shell  from  attachment  and  find  its  deformation  from 
heating  by  temperature  At,  i.e.,  the  paiticular  solution.  If  we 
assume  that  At  =  f(xp‘),  where  n  <  3,  i.e.,  quantity  (Dw")"  “  Oj  then 

Eh  HE'dM 

hence 


w,,  —rant. 


(3.28) 


We  shall  find  the  common  solution  to  equation  (5.27)  without  the 
right  side: 


s 


s 


[i] 


Table  5.3. 


(2) 


‘I’yiiKuim 


ep*  sin  Bx 


{ 3 )  AlllO-  ' 

JKII-  X  ~0 

ic.if. 


1,087 

0,885 

0,465 

0,337 

2.964 


IFH(I5)=1770 

|0~4 

1/70 

1782, 8 

xv p  ~  wH  +  ie'o 

10-4 

1760 

1785 

9  r 

1 

—235 

71,5 

-25, 3.(6) 

10-5 

0 

-8,45 

—28, 3.  (7) 

.0-5 

-28,3 

-4,45 

-0,805 -(8) 

10-5 

0 

-2,27 

1.2(9) 

•0-5 

1.2 

1,66 

—  28,34  +  (19)  + 

10-5 

1,24 

•14,83 

■f  (20) +  (21) +  (22) 

®r 

1 

+20 

+240 

c?(,U) 

1 

+6 

+72 

cPs 

1 

-229 

142 

206.(6) 

10-6 

0 

61,5 

-7, 5.(8) 

10-6 

0 

19,6 

1 .24.(9) 

10-6 

1.24 

1.71 

Op"  =(2V)+  (28)  + 

10-6 

1.21 

43,6 

+  (29) 

tjr(Q) 

1 

0,21 

+7 ,53 

(1)  No. j  (2)  Pune 

sfcion; 

,  (3)  Factor. 

We  integrate  this  equation  once  more: 


0 

For  long  shells,  if  it  is  necessary  to  find  the  bend  of  the  shell  w 

and  stress  o^,  it  is  advisable  to  use  the  condition  when  x  =  l 

w  1(1)  =  0;  we- obtain  f  Mx  ,  and,  finally, 

Z~\~D(U 

o 

■w^~\^,u+ilfdx= 

o  o 

(5.32) 

The  next  integration  leads  to  the  result 


W, 


x 


w'xiix-\-C<. 


For  a  long  shell  it  is  advisable  to  find  Cjj  from  the  condition  when 

i  .  . 

x  =  l  w(J)  =  0.  Then  Cj,  =  \WxdX  and 

o 


w0 


w'xdx 


(5.33) 


The  solution  to  equation  (5*33)  should  be  reached  by  the  method 
of  successive  approximation.  For  the  initial  equation  we  can  take 
any  function  which  satisfies  the  boundary  condition  when  x  =  0 
Wq  =  -6;  when  x  =  l  w  =  0.  Usually  a  rectilinear  function  is  used. 
After  two  or  three  approximations  a  sufficiently  accurate  value 
for  deflection  wQ  is  usually  obtained. 
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Full  deflection  of  shell  w  =  wQ  +  w^.  Stresses  in  the  shell 
are  determined  by  the  elastic  component  of  the  bend 

wy=wp— ratJ—  w0  -f-  — ra  A/. 


Since  wH  =  raAt,  the  function  Wq  will  be  the  elastic  bend.  The 
usual  form  of  bend  and  stress  diagram  is  shown  in  Fig.  5.2*)d. 

Example  5.3.  Find  the  circular  stresses  of  a  cylindrical 
anode  by  the  integral  method.  The  conditions  for  the  problem  are 
the  same  as  in  example  5*1*  Calculation  is  presented  in  Table  5.*). 

Let  us  find  the  bend  of  the  shell  wQ  from  formula  (5-33).  The 
initial  function  Wq  is  a  straight  line  with  a  bend  at  the  attachment 
spot  <Sq  =  raAtQ  =  0.1)55  mm.  This  quantity  is  found  in  the  "factor" 
column. 

We  obtain  the  bend  wQ1  in  the  first  approximation  in  line  10 
and  in  the  second  approximation  in  line  19.  This  bend  determines 
stresses  in  the  shell  (line  21): 

E 

v  —  — w. 

7  r 

Full  bend  of  the  shell  we  find  in  line  22:  w  =  wQ  +  w4  =  wQ  (-  raAt. 

Bends  w  are  shown  in  Fig.  5.22  by  the  dashes. 

Stress  in  a  shell  in  the  presence  of 
temperature  gradient  through  the  thickness 

Let  us  assume  that  temperature  gradient  At  through  the  thickness 
of  the  shell  changes  according  to  linear  law  (Fig.  5.25)  and  is 
identical  on  its  entire  length.  At  points  located  at  a  considerable 
distance  from  the  ends  of  the  shell  there  is  no  bend.  The  shell 
element  is  in  the  same  stressed  state  as  a  plate  with  nonuniform 
heating. 
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Table  5.4. 


A'S 

crpo- 

Dkii 

4>viiku'!» 

'  (2) 

Miioacn- 
(3)  Te*11* 

.vo  -0 

7 

14 

21 

28 

li 

a 

1 

A 

U'Q 

80 

—1 

-0,8 

—0,6 

-0,4 

-0,2 

0 

2 

\  Aw  (fix 

—4?c(//10) 

0 

-1.8 

-3,2 

-4.2 

— 1,8 

— 5,0 

3 

Qx 

-Awm 

5,0 

3,2 

1.8 

0,8 

0,2 

0 

4 

$Qxdx 

-Aioiijioy- 

0 

8,2 

13,2 

15,8 

16,8 

17.0 

5 

Mx 

Cl 

c. 

*->« 

1 

-17,0 

-8,8 

-3,8 

-1,2 

—0  (> 
t- 

-0 

6 

w' 

-^50W10)3 

0 

-25,8 

—38,4 

-43,4 

— 44, b 

-45 

7 

w'x 

-Al0fD(l/\Oy 

45 

19,2 

6,6 

1,6 

0,2 

0 

8 

w 

~A^fD(l(]  0)4 

0 

64,2 

90,0 

98,2 

100 

100,2 

9 

wx 

-/.5o/Z)(//:o)4 

—100,2 

-36 

-10,2 

-2,0 

-0,2 

0 

10 

a’oj 

1 

— 1 

-0,36 

-0,1 

-0,02 

-0,0  j 

0 

11 

§Awudx 

-A\(l/\0) 

0 

— 1 ,36 

-1,82 

-1,94 

-1,9: 

-1 ,96 

12 

Qx 

-AntflflQ) 

1,9(5 

0,60 

0,14 

0,02 

0 

0 

13 

J  Qxdx 

-v430(//IO)2 

l 

0 

2,56 

3,3 

3,46 

3,48 

3,48 

14 

Mx 

'-AMHW 

-3,48 

-0,92 

-0,18 

-0,02 

0 

0 

15 

w' 

~Aio/D(i/\oy 

0 

-4,4 

-5,5  • 

-5,7 

-5,72 

~;,72 

10 

wx 

-.430/D(//10)3 

5,72 

1,32 

0,22 

0,02 

0 

0 

17 

w 

— .4a0fe)(/yio)4 

0 

7,04 

8,58 

8,82 

8,84 

8,84 

18 

wx 

-AvolD(l/]0)i 

-8,84 

—1,80 

-0,26 

-0,02 

0 

0 

19 

1  ■ 

— 1 

-0,205 

-0,029 

—0,002 

0 

0 

20 

W 

1 

— 0,455 

—0,093 

-0,0013 

0,000 

0 

0 

21 

1 

-332 

-27 

-0,3 

0 

0 

0 

22 

w 

l 

0 

0,382 

0,51 

0,562 

0,617 

0,643 

•  •  i  i  i  i 

KEY:  (1)  No.;  (2)  Function;  (3)  Factor. 


Stress  on  the  outer  surface  of  the  shell  at  points  removed 
from  the  ends,  by  analogy  with  a  plate,  is 

a  —  EaAf  .  __  EaM 

X  2(1—  {*)  *  ?  2(1—  fi)  ’  (5.34) 

if 


A t=t—tQ  and  />/0. 
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Hear  the  faces  of  a  shell  there  will  occur  a  certain  bend 


as  a  result  of  the  effect  of  its  attachment. 


Let  us  examine  the  stresses  in  a  shell  if  its  ends  have  no 
support.  In  this  case,  stresses  a  on  the  end  will  be  equal  to  zero. 
Sj.nce  the  stresses  (5.3*0  can  be  obtained  as  a  result  of  applying 
bending  moment  to  the  face  of  the  shell,  we  shall  apply  moment 
•Mq  =  Mx»  which  is  attained  by  a  rigid  attachment  of  the  shell  end. 
With  allowance  for  the  sign, 


£ul///2 

12(1 --O' 


(5.35) 


In  order  to  create  the  same  conditions  as  exist  without 
attachment  of  the  face  (cv  =  0),3t  is  necessary  to  apply  distributed 
moment  of  the  same  magnitude  but  of  the  opposite  sign.  Stresses 
in  a  free  end  will  be  defined  as  the  sum  of  stresses  determined  by 
formula  (5-3*0  and  stresses  caused  by  moment  MQ  (Pig.  5.25). 


a)  (a)  0  (b)  *)  (c) 


Pig.  5.25-  Determining  stresses  in  the  presence  of  a 
temperature  gradient  through  the  thickness. 


Loads  in  a  free  shell  caused  Ly  moment  Mq  applied  tc  the  end 
are  known: 

2^-;  ,,(*)- *$•:  '  ' 

0  12(1  —  fi)  /»2 

1,(0) » VJM„  =  ( A/>=  R, (•«; 

■r  /  \  r  ,  /  Bh  M0 

4(»)=7[®(»)l=7^= 

EhaXt 


2/3(1- ft) 


I'l-/;  3,(7') 


(5-36) 


These  formulas  show  that  on  the  free  face  maximum  thermal 
stress  acts  in  a  circular  direction.  If  we  add  stresses  from 
formula  (5.3^0  with  stresses  caused  by  moments  and  force  T^ 
[formula  (5-36)],  we  obtain 


1  ,mtx  2d-.il)  V  ?  ‘  /3  /• 


(5.37) 


When  ij  =  0.3  this  stress  is  25%  greater  than  the  stress  (5.3^0 
calculated  for  points  at  a  great  distance  from  the  faces. 


In  brittle  material  we  should,  thus,  fear  cracks  from  the  ends 
of  the  shell  and  not  in  the  middle.  Figure  5.25c  and  5.26  show 
stress  diagrams  for  the  end  and  the  center  part  of  the  shell  having 
a  temperature  gradient  through  the  thickness* 


Fig.  5.. 26.  Thermal  stresses  Fig.  5.27.  Moments  acting  on  an 

in  a  cylindrical  shell.  element  of  a  "conical  shell." 


Analysis  of  conical  shells 

A  conical  shell  experiences  internal  pressure  and  thermal  loadings. 
Let  us  consider  an  axisymmetric  problem.  Therefore,  the  unknown 
stresses  and  strains  of  the  elements  are  functions  only  of  coordinate 
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* 


A 


x  or  r  (distance  al~  g  the  generatrices  of  the  shelD  from  the 
summit  of  the  ''one  to  the  examined  section). 

Figure  5.27  shov/s  the  positive  internal  loads  applied  to  an 
element  cut  out  of  a  conical  shell.  Let  us  find  the  membrane  stresses 
ar,  and  a,p  and  strains  of  the  shell. 

If  We  assume ,  for  example,  that  the  internal  pressure  on  the 
shell  is  constant  and  acts  on  the  entire  internal  surface  of  an 
uncut  snell  (Fig.  5.28),  the  axial  force  in  an  arbitrary  section 
is  determined  by  radius  r: 


•Vt.=  n;\r2  sin2  9, 

(5.38) 

where  0  is  the  angle  of  the  generatrix  of  the  shell  with  the  x-axi;. 
Axial  force  N  causes  normal  stresses  constant  along  the 

A 

perimeter: 

r  nr/»  sin  20  ’ 


where  h  is  the  thickness  of  the  shell  and  generally  variable. 


Particularly,  when  Nx  is  determined  from  formula  (5.38), 


3 


r 


Let  us  find  circular  stresses  o.p.,  We  shall  examine  the  equ.t  li¬ 
brium  of  the  shell  element  (Fig.  5-29)  separated  into  spherical  c" 
conical  section. 


*  Projecting  the  external  and  internal  forces  onto  the  normal 

to  the  surface  of  the  shell,  we  obtain  pHd<pdr  =  crcphdrd9  , 
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i 


pR  pr  tg  6 

P==“T““T'’ 


i  (5.39)  ' 


where  R  is  the  shell's  radius  of  curvature. 


Fig.  5.28.  Determining  the  Fig.  5.29*  Equilibrium  of  a1  1 

axial  force  of  a  "conical  shell."  shell  element. 


Membrane  stresses  a  and  am  are  the  reason  for  the  appearance 

r  y  •  1 

of  deformation.  The  greatest  stresses  a  lead  to  shell  deformation 
in  a  radial  direction:  .  ' 


£  Eh 


(5.40) 


Radial  displacements  toward  an  increase  in 'the  shell's  radius: 
of  curvature  R  are  assumed  positive.  Pressure  p  acting  on  the  internal 
surface  of  the  shell  from  the  center  to  the  periphery  is  also  assumed 
positive. 

! 

1  ■ 

As  in  a  cylindrical  shell,  we  express  al?.  strains  and  internal 
forces  in  terms  of  full  radial  displacements  of  w. 

Thus,  the  relative  deformation  in  a  circular  direction  is  !  1 


w _ tr 

#  rtg 


! 


I 


I 


Curvature  variation  along  the  generatrices  is 

i 

i 

'  .  d*& 

kr—  — r  • 
dr 2 


Curvature  variation  in  a  circular  direction,  connected  with 
the  variation  in  the  shell's,  radius  of  curvature  R  because  of  a  turn 
of  the  elements  by  angle  dw/dr,  . 

1  i 

!  _ 1_  dw 

;  r  i  dr 

'■  ! 

’ The* last  expression  is  derived  in  the  following  manner.  The 
initial  curvature  of  the  shell  in  a  circular  direction  is  1/R  =  1/r 
lg  0.  Due  to  the  turn  of  the  generatrix  by  angle  dw/dr,  the  radius 
of  curvature  acquires  a  new  value:  :• 


.  rsinB 


/  \ 

T  (0+  IT)  < 


r  sin  8 

d'W  .  ft 

cos0  —  —-—sine 
dr 


hence  the  variation  in  curvature  is 


1  I _  1  dw 

r  dr 


V/e  snail  disregard  the  curvature  variation  because  of  displacement 


of  w. 


■  i  i 

Full  circular  normal  stresses  are 


i  i 


Ob=£‘s?—  E- 


rt gO . 


Linear  bending  momenr.s  are 

I  ; 


•  | 

71,  =  D  (!:,  +|^?)  =  D  ra'j . 

,  % = D  (Ay +  **,) =q[J-  ®,+F®"]  • 


Linear  shearing  forces,  obtained  from  the  condition  that  the 
moments  acting  on  the  shell's  element  are  equal  to  zero,  are 

(r  -j-  dr) +Mrdrd6 -f  =  0; 

=  +  =  ±(rMr)_±M 

dr  r  r  r  dr  r 

Finally,  the  solving  differential  equation  will  have  the  form 


1 

,  d 

-4—  ft  -- 

[*  dD 

dw  1 

rfr2 

.  dr*  J 

^dr 

.  dr 

17J 

K- 


w  —  rp. 


(5.^2) 


This  is  a  linear  differential  equation  of  the  fourth  order  'with 
variable  coefficients.  L(it  us  consider  how  it  can  be  simplified. 

If  the  shell  thickness  along  the  length  is  constant,  i.e., 
h  =  const  and  D  =  const,  equation  (5. 42)  assumes  the  form 


(rwY— -J- 


Drt g2  0  D  F' 


(5^3) 


or  in  transformed  form 


V/hen  9  =  n/2,  equations*  (5.42)  and  (5.44)  are  transformed  into 
differential  equation  for  an  elastic  surface  of  a  circular  plate 
loaded  by  an  axisymmetric  load. 

To  integrate  equation  (5.44)  we  expand  it  [  1 6 ] : 


2wm - -  ®"  -{-  -i-  w’  +  A?  -4-  rpy  ( 5 .  J 
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y  Tq,.  R0  are  the  initial  radii  of  a  truncated  sheii  . 

r 

f  •  The  obtained  equations  (3.^)  and  (5.^5)  are  basic  for  the 

[  stress  analysis  of  a  shell  under  the  action  of  applied  pressure. 

I 

H  Let  us  examine  the  case  of  the  thermal  loading  of  a  she.il  If 

there  is.  an  axisymmetric  temperature  field,  variable  along  the 
length,  with  a  constant  temperature  along  the  thickness  of  lhn  wal  L 
(Fig.  5-30). 


) 


4 


* 


The  stressed  and  strained  state  of  conical  shells  can  "e 
determined  according  to  the  same  procedure  as  for  cylindrical  rn 
We  assume  the  system  is  axisymmetric.  The  unknown  stresses  and 
strains  are  functions  only  of  one  coordinate,  x  or  z. 


is 


The  general,  total  strain  of  a  shell  with  thermal  loading 

K'  —  Wt  +  Wy, 


wnere  w,.  =  RaAt  is  the  thermal  deformation  of  an  unrest  rained 
shell ; 

w  is  the  elastic  deformation  of  a  shell  due  to  the  con.  aii.’  u.r 
of  its  deformation. 


Elastic  deformation  is  found  as  the  sum  of  deformations  -  ’-no 
deformation  of  a  rigidly  fixed  shell  w  and  its  elastic  del i. rtevl  -r 
as  a  result  of  the  application  of  reactive  forces  ocourrinf  du  ■'  g 
the  rigid  attachment.  From  condition  w  =  G 


—  wt  —  ~  Ratf. 

\  <»  * 
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m 


i 


"  *  .  \  i  * 

This  deformation  corresponds  to ! the  pressure  fixing  the  shell.  , 

*  n  \  ^ 

Let  us  find  it..  Assuming  tnat  At  =  'Hr  ,  where  n  =:  0,  1,  ?.  we  obtain 


w—'Ar*  h  |r  (rip')'} }  =0{ 


hence 


.  m.  ±  /p*t . 

brt  gH  D  * 


*  r*  i&tPot 


Equating  the  expressions  (A)iand  <B) 


~~RaM~ 


r7i&*PRt 


v/e  obtain  the  pressure  arising  during  the  rigid  fixation  of  a  shell, 

.  EhaM  '  EhaM  .  ■  ‘  ! 

~  •  rtgfl  /? 


If  v/e  apply  this  pressure  *  -Ppt  to  the  .sbejLl,,  we  |Obtain  the  , 
deformation  wp  , which  restores  the  given  boundary  conditions,  from 
equation  T  ! 


(5.46) 


m 


rwlv4-2t»w— (5.47) 
1  f  »  ry<  r0  .  v  i 


a  tg  • 


Fig.  5.30. 


Vr*XK&t 


!  » 

i  .  ! 
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! 


4 


* 


J 


The  elastic  deformation  'of  the  shell,  causing  the  stresses, 

1$  Wy  =  -RaAt  +  Wp.  ‘  ,  •  • 

Circular  stresses  caused  bv  these  deformations  are 

ii 

1  «♦**  —E*Lt-\-ET~.  (5.48) 

1  i  ‘  i 

Total  deformation  of  the  shell !  .  ■ 

w—wt-^wu=iraAt^raAt-j-wp—wp. 

.  Thus,  the  problem  reduces  to  solving  equation  (5*47)}  determihing 
the  precise  integral  of  this  equation,  in  the  general  case,  is  . 

i  1  ,  ' 

difficult.  This  is  a  linear  nonftomogeneous  equation  of  th'c  fourth 
order  with  variable,  coefficients.  Let  us  examine  two  methods  of 
solving  it.  >  '  1  , 

I  .  ,  ! 

The  general,  procedure  for  solving  equation  (5.47)  will  be  . 
similar  to  that  for  solving  equation  (5,1)  of  a  cylindrical  shell. 

1  ,  :  ,  * 

I 

The  solution  to  equation  (5-47)  will  be 

5  i 

I  a>p*=*t0o:+t0«, 


where  wQ  is  the  general  solution  to  equation  (5.47)  without,  the 


i 


right  side; 

( wM  is  the(  particular  solution  to  equation  (jJil).  . 


We  shall  find  the  particular  solution. 

1  »  ,  .  .  '  1 

I 

\ 

.Usually  temperature  variation  alopg  the  anode  can  be  deccrib'1 
o  • 

by  law  4ti  «*  BQ  +  B^r".  we  represent  the  bend  as  -  A^  +  A^r  , 
we  find  from  equation  (5-47) 


jr  (/•«/')  j  j  and 


Eh 


r  Eh  aht 


Drt&ti  D  rtgfl  ’’ 


hence  , 
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1 


f 


rc  <. 


The  assumed  law  of  At  enables  us  to  obtain  the  particular 


solution  characterizing  the  momentless  state  of  the  shell. 

With  a  more  complex  law  of  temperature  variation  the  value  of 
coefficients  Aq,  Ap  A^  should  be  found  by  the  method  of  undetermined 
coefficients.  Let  us  assume  that  the  law  of  variation  for  At  is 
described  by  formula 

and  the  particular  integral  by  equation 

ro% =j40 +A  \r+Air*. 


Substituting  the  expressions  into  equation  (5.47),  we  obtain 

=  2.V;  ®'~2 A2r; 

Consequently, 

-  i  (2V)  +  J-  (4,+2  A^)+4?*^Jr:(i40+  A,r + 

r  r*  ?Jr(r 

'e 

hence 

A)— 0;  At—a\gQB0;  A=atg83,. 

Finally, 

wn  =  a  tg  9  •  B0r -{- a tg  05,  r\ 


Let  us  find  wQ.  According  to  the  method  of  asymptotic  integration 

[16],  we  shall  seek  solution  to  a  homogeneous  equation  [equation 

(5.47)  without  the  right  side]  in  the  form  of  wQ  «*  ipe1^,  where  < 


*=±(i  ±  op; 


(5.^9) 
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here  p  is  a  variable  quantity; 

4;  is  the  func  Jon  r. 

Function  1  ■  represented  by  an  asymptotic  theory 

The  integr.  ‘  ion  of  the  homogeneous  equation  is  performed  on 
the  assumption  .  .at  3  is  a  sufficiently  large  quantity  (3  >  1),  i.e., 
solution  is  intended  for  shells  with  a  small  cone  angle  (8  <  60° ) 
and  little  rel  itive  wall  thickness  (h/RQ  or  h/r0),  which  usually 
corresponds  t;  anode  design. 

We  substitute  equation  (5.49)  and  its  derivatives  into  the 
homogeneous  equation  corresponding  to  equation  (5.47)  and  equate 
to  zero  the  terms  with  identical  powers  of  k,  assuming  that  k  and  3 
are  of  the  same  order. 

H 

From  fcne  condition  that  terms  of  the  order  of’k  a-*e  equal 

4  .  4 

to  zero,  assuming  that  k  *  -43  ,  we  obtain  th'  equatio  ; 

rk*(Q')<i0+4pt-^r%-=0, 

hence 


>_r- 0.5  ClL. 

1  ™  JV?' 


(5.50) 


,.3 


From  the  condition  that  terms  on  the  order  of  kJ  are  equal  to 
zero,  we  obtain  the  equation 

r  H  i-6(e>"%+2(8')«fc)=o. 

Hence,  using  equation  (5-50),  we  determine 


,,'>_L)  UJ  • 
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Thus,  the  solution  to  the  nonhomogeneous  equation  (5.^7)  in 
the  first  approximation,  which  is  sufficiently  accurate  for  practical 
calculations,  i.e.,  when  the  asymptotic  series  ij>  is  replaced  by 
the  first  term,  function  i{|q,  assumes  the  form 

wo—  ^(^(CjSine-j-CjcosQ)  j-eQ(C3sinQ-{-C4  cosq)J, 

where,  unlike  expression  (5-50), 


Q  = 


^yr4tr-<]- 


(5.5D 


Analysis  of  dependence  (5.51)  shows  that  the  terms  i^0e“f)(C1  sin 
P  +  C,  cos  p)  represent  radial  displacements,  which  are  maximum  near 
the  edge  r  =  rg  and  rapidly  decrease  with  an  increase  in  r.  The 
terms  \pQep(C  sin  p  +  C2  cos  p)  describe  the  radial  displacements 
which  are  maximum  near  the  edge  r  »  r^  and  rapidly  decreasing  with 
a  decrease  in  r  as  compared  with  r^. 

Thus,  if  the  shell  is  long,  we  can  determine  constants  C-^,  C2 
assuming  *  0,  and,  on  the  other  hand,  determine  constants 

C3>  assuming  C-^  *  C2  =  0,  which  considerably  simplifies  calcula¬ 
tion  without  introducing  appreciable  errors  in  the  obtained  results. 

The  length  of  a  conical  shell  will  be  evaluated  in  a  manner 
similar  to  the  length  of  a  cylindrical  shell.  Let  us  examine  the 
function 

.-■A  (V'r-n 

/'t  YHi/t  i-i- 


r  o 


(5.52) 


We  multiply  the  numerator  and  denominator  of  this  expression  by 
(/r  +  /r^)  and  Introduce  the  substitutions  r  tg  0  =  Ft,  rQ  tg  0  *  RQ, 


r  -  Tq  *  Z;  we  obtain 


_ _2.56/ 

•  o, r 


\  Rh  +  f  ’ 
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Hence  the  length  on  which  a  full  cycle  occurs  in  the  variation  of 
functions  sin  p  or  cos  p  is 

v'W) = (Rh+y7wl 

The  shell  car  be  considered  long  if  the  following  condition  is 
fulfilled 

or  if  verification  is  made  along  radius  R  =  Rq 

/,>3Vm  (5  .rS) 

i.e.,  the  formula  fully  agrees  with  the  formula  determining  the 
length  of  a  cylindrical  shell. 


Example  5.4.  Find  the  circular  thermal  stresses  o^  in  an  anode 
of  a  motor  by  the  asymptotic  integration  method  if  the  following 
is  given:  material  -  graphite,  E  -  8’10^  daN/crn^;  a  =  3-lo'iO-^  l/'-C 
u  *0.34;  anode  temperature  is  trQ  =  1433. 5°C;  t^,  -  1365"'!; 
tr?  =  1226. 3°C. 


The  diagram  of  the  shell  is  shown  in  Fig.  5.31.  Calculation  is 
performed  along  the  sections  rQJ  r^  r^: 

r0=12,8  cm;  ri=15,l  cm,  r/=17,4  cm;  /=* 4,6  cm;  6  =45°;  ft =0,4  cm. 

1.  We  shall  find  the  law  of  variation  in  the  temperature  field 
along  the  length  of  the  anode: 

+ fly*. 

Let  us  determine  Bq,  B^,  Bg  from  the  conditions: 

when  r  =  rQ  t  =  tg  1^33* 5;  when  r  =  r^  t  =  t1  =  1365; 
when  r  ■  Tj  t  *  tj  *  1226.3. 

We  shall  set  up  system  of  equations: 

flo4-  fl^o  +  B$rQ  as  1433,5; 

Bq  4-  fli/'j_+  B*ri  «=  1365; 
fl0  +  flir|  +  a2rj=1226,5, 

hence  we  find 

(Q  r0  r\. 

*\  r\  r? 

„  **  r*  'i 

5o==  — =a 528,5;  flj  =s  151;  fljj=s-6,64 

1  /■!>? 

and  the  temperature  field 

A*-528,5+151r-6,$4r» 

2.  Let  us  find  the  particular  solution  wM  to  equation  (5.^6). 

< 

4 
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1  r2  rj 


We  assume  wm  =  A0  +  Axr  +  A 2r?  +  A3r3;  substituting  this  value 
into  equation  (5*^6),  we  obtain 

w\~  A\  4-  2A2r  4'  3v43r2;  w’  —  2A^  -f  6A*r;  6A3',  v =0 . 

Substituting  the  values  of  wmj  w^;  w";  w’";  w*V  into  equation  (5.H6) 
and  equating  the  terms  with  identical  ('unctions  relative  to  r,  we 

obtain 

^o=0;  A\  =  afg0Bb;'  A2  =  aig%B\\  A3=zatgftD2. 


Finally, 


a*<(  =  523t5atg0*r  +  151  atg  8r2  — S.gla  tgOr3. 
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Tne  shell  dimension,  in  our  problem,  is  2  =  a .  6  cn.  •  However,  for 

tne  first  evaluation  of  stresses  we  shall  consider  it  long,  Maximum 
stresses  arise  in  the  right,  rigidly  attached  end  of  the  shell.  Then 
the  conditions  for  finding  unknowns  C-  and  will  be  1 

r~n;  «•,(/)«  II; 

I  , 

Unknowns  and  C ^  are  obtained  from  equations: 

wp  ~  %  eQ  (C3  sin  q  +  C\  cos  (»)  J-  .l,r  +  . I,/*  +  .V3J 
,  {  r  N0.25  2?  .  ..  “ 

yi>-U)  :  r~yri)i 

a/>  ~e''  ^3  fs'n  0  (t'o+t'OG)  +  '-/oO'  cos  o]  +  c°C*  [ros  q  (l'0  -f  Iqq'  )]  4.  ! 

+  A]  ■+•  <lA^r  +  3yl3r2; 

'^0~  _o,2i  r  0,7S*  C#  ^  ~jr= 

ro  V  r>) 

These  equations  for  wp  and  w^  are  sufficient  for  determining 
and  Cy  1  • 

Let  us  introduce  the  values  of  w^  for  determining  and  if  the 
shell  has  hinged  supports: 

,  i 

“V**0 C3  sin  0  (4j  +210g'  +  i0fi")  *K° C3  ros  q  (^"+2^'  +2-!i0  (o')2)- 
—e°  C\  sin  0  IV/  +  2j ,•/  +  2i0  ((?'  )2)+ 

+^°C^  cos  f>  ^‘Iq  hZ'i'go'  -j-  V/ )  -f*  2.^2  4“  6v43rj 


.t,* _ 2il2Z5.-1.75.  p»  n<5^  — 1-8 

r  •  0  -~vk r  ■ 


We  shall  find  and  for  conditions: 

r  -  rt\  v  (/•/)  -  0;  to'  (rj)  =  0; 


s_  Vr12(l-0.3»2) 

V^Visr,‘ 
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-  f 


yo—  (  )  "  f\.7i  rn-5l  'ly  (ri)  *»  ]  ,08; 

\  rO  t  ’  . 


23 


2 1  -•  ( /r  -  Vrd  =3.98  ( /r-3,5fi);  _ o  (W)  -  2,265; ,  • 

I 

~  U  t K’flBy  3. 15. 10-^.  1-526.5  =*  1 ,83.  IQ-*;  t  '* 

A~  =  a  !g  >15,  =»  3. 13*  in-«.  1  •  151  =  ,0,546. 10-*; 

=  a  Ig  tSj  ■»-* -  3,15*  M)-«.  1-6, 6i  *»— 2»10— 8; 
/7”17.t;  302.8;  r}~526; 

*-,,(/)  =  1 .1)6  k'12’'5  (C3SH1 2,205  +  Ci  cos 2,265)1  + 

+  1 .81- 10 -V|  +  0,546  •  lO-Vj  —2*  lO-vJ  — 
i.riR.9,5^—  Cr0, 64  ~  C<0,77):+  1.83*10—317,4  + 
+  0,5 16-  10-3*302,8  —  2*  10-5.526  «  0, 


:  1  once 


fi/»2Cj  +  7t^6C4-0.210R; 

^  =  -  0.53- 0^5 r"075,  *>,>-0,0154; 

r  a 


•r-°*s«3, 98.0,5^,  /  fr,)— 4,55; 


'*  “?r. 

1  »  « 

1  a^(r|)«9,58C3<~0,6i)[9,0154  +  l,08(l  +4,55)1+ 

1  +  9, 08C4  (-0,77)^0,01.54  +  1 .08(4,55—  1)1  + 

+  i  ,83. 10-3  +  2.0,545. 10-3. 17,4  —  3.2. 10-5. 17, 42. 

1 

1 

We  obtairi  36. 8c^  +  28.8c.,  *  0.02068.  Solving  this  system,  we  find 
C0  -  -0.0558,  iCh  *  0.073-  Finally, 

-/I  H  i 

» 

tp0*s  55,8-  10“3sfnp  +  7.310-3 rosy)  +  1,83*  10“8r  + 

'  1  V^o  /  1  1 

1  ,  +  0,546-  10-3r2  -  2-  10-Sr*. 

Substituting  the  .values1  of  r^,  t*^,  r^,  we  obtain  w(rQ)  ■  0.138  cm, 
w(r1)  »  0.1108  cm,  w(r^)  *  .0. 
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Stresses  in  a  circular  direi^ion  or 

..MM0»(-3.5.  IO-«.  !4V,5  +  =  4,02  daN/mm2 ; 

1.77  daHl.u.U 2;  e?(/-j)  =—  3,44  daH/mm2. 

Figure  5.31  shov/s  the  tends  and  stresses  of  an  anode. 

Integral  method  of  solving  the  equation 
of  a  conical  shell 


As  is  apparent  from  the  example  of  shell  analysis,  the  asymptotic 
method  is  rather  cumbersome.  In  many  cases,  calculations  should  be 
per formed  according  to  the  integral  method. 

Let  us  examine  a  case  when  the  anode  parameters  h,  E,  D  are 
constant  and  the  only  variable  is  At. 


The  initial  equation  will  have  the  form 

/  1  ,\»  Ehw  hEa'M 

(rw")"— [-j  W  J  +  0rlg*8  "£Mge  '  (5. 5*0 

The  procedure  for  solving  the  problem  remains  the  same.  We  shall 
seek  a  general  solution  to  equation  (5.5*0  as  the  sum  of  its 
particular  solution  and  a  general  solution  without  the  right  side: 

wp  =  w0  +  V 

Let  us  find  the  particular  solution.  We  assume  that  the  temperature 

2 

gradient  is  given  by  formula  At  =  Bq  +  B^r  +  B2r  . 

2  3 

We  also  assume  wr  =  +  Air  +  A2r  +  A3r  •  Let  us  substitute 

this  expression  into  (5.5*0,  equate  the  terms  with  identical 
functions  relative  to  r,  and  obtain  the  values  for  AQ;  A2;  A^ 
and,  consequently,  w^ : 
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^0=0;  v4i  =  atg0£o;  Ai^aigbB^  j43=atg6£2; 
in ^  -—  a  tg  6  B0r  --J-  a  t g  6  B  ,r 2  -f  a  tg;  6  #2r*. 


(5.55) 


Lot  us  find  the  general  solution.  We  shall  consider  equation 
(5i5*0  without  the  right  side: 


\  r  }  1  DrtgH 


(5.56) 


designating  Eh/Dtg^e  =  A,  we  integrate  the  equation  (5.56)  once: 


(^7_^-LK,-)|'!=_(d2L,/r+Ci. 


Ao 


(5.57) 


Fig.  5-32.  The  integral  method 
of  shell  analysis. 


We  find  the  arbitrary  integration  of  from  the  boundary  condition. 
We  shall  examine  a  shell  with  a  rigid  attachment  on  the  rignu  end 
(Fig.  5.32).  The  boundary  conditions  for  such  a  shell,  ir,  order 
to  determine  and  then  C^j  will  be 

when  r  =  rQ  Dw"  =  0.,  or  w"  =  0;  Dw"  -  0,  or  w" '  =  0.  (5*50) 

Substituting  into  equation  (5.57)  boundary  conditions  (5.53)  and 
assuming  that  (rv:11)'  -  rw'"  +  w",  we  find  (rw")'|r  _  „  -  0  and 

-  0.  Let  us  turn  our  attention  to  the  following  dependence: 


f 

,1 


r 

(~ so'M  =  —  -£•' — ira/'(0);  vo" — — tt’'  =  r  / -L <w'\'i 

\  r  / 1  r  tq  r  \  r  /  ■ 

ro 

if  we  suf^titute  this  dependence  into  (5*57),  we  obtain 

rwm  4--L  wl(o)= 


We  integrate  this  equation  once  more: 


r  r 


'•  ft  ft 


(5.59) 


(5.60) 


Using  condition  (5*58),  we  determine  Cg  55  0  .  Allowance  is  made 


(t-1 

r* 

w"  -f — —  w'  =.  -i-  (r  w" + xe>') = -i-  (r®')'. 

Substituting  these  dependences  into  (5.60),  we  obtain 

♦  t 

_(rw) - -  r„  ^  r  )  r  }  r 


r*  r» 


,  ...  w'  (o)r  ( ,  i  dr  Y  r  i  fjltprfr* 

(rw'Y—  “ -  (  — — rlTJ  r  '  <*-6l) 


r»  r. 
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li 


I. 
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We  integrate  this  equation  once  again: 


rw 


»  '  »-  '  r#  To  r* 


or 


(5.62) 


(5.63) 


r0  r0  rft.  r0  r* 

Boundary  conditions  for  finding  and  then  Cjj  will  be: 

when  r~r{  o'(A  =  0;  t^(/> -- 0. 

It  is  advisable  to  also  allow  for  the  fact  that  when  r  -• 

ro 


or 

C3='a),(o)r0l 

where  w’(o)  is  the  slope  angle  of  the  tangent  to  the  elastic  line 
of  the  shell  at  the  origin  of  coordinates. 

Equation  (5.6?)  will  assume  the  form 

W'  =  It'  -  w'a  -f  -S-  W'  (0)  ••=  W'  (o)  +  — }  ~ 

rn  r  \ro  r  / 


where 


llr 


W. 


•tS'('-St)"’ 


fo 
f  r 


r 


tV\  t\~- 


ro  1 0  fo 


(5.6*0 


I 


Substituting  conditions  (5*63)  into  (5.62),  we  obtain 


r0  \  r,  )  rQ  ra  r. 


Aw  dr* 


or 


where 


r,  /  f0  /#  r, 

i 

‘  ‘  +  ^W(o)=0%  ‘  ' 

n  , 


1  i  /  .  »  f*  //r 


^77  irn- 


)7h 


'O  X1  f* 
\rt  r  r 


"“‘77  rjrf*?2- 


r0  r% 


(5165) 


Hence 


,  w'(o)  = 


•  .  1 


ro 


- h~— 

rQ  «  rt  i 


05.66) 


Let  us  integrate  equation  (5.62)  foi*  the  last  time.-  itJe  allov;  for 
the  fact  that  the  quantity  w*(o)  has  been  deter:. ined  by  us  and  if 
known : 


i  .  r 


w  —  w'{d)  ^  -T~^iir  —  Jj  w'ttdr  4-C4. 


,(5.67) 


The  value  of  the' constant  is  found  from  conditions  (5.63).  The 
physical  meaning  of  the  constant  0^  is  the  bend  of  the  shell  'at  the 
origin  of  coordinates.  We  shall  designate  it  w(o),  (This  ‘is  apparent 
if  we  substitute  into  equation  (5.67)  theivalue  of  r  =  ro^#  Thus, 

=  w(o) . 


I  1 
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v' . ‘sry: '., 

I  .  .  ! 


'  i?X&**K*V!*1*t*  ltm,n*  ~ 


Briefly  equation  (5.67)  can  be  written  as' 

*  t 

I  ’ 

,  w = w’(o)  n~wa -f tv  ( o ),  ' 


where 


M+H-rST^:  ■ 


r0  to  ra  fa 


(5i68)  ! 


(5.69) 


If  w£  'substitute  into  equation  (5.68)  conditions  (5.63),  we  obtain 

!  ,  x  f| 


'o  1 


hence 


(o)  =4:  —  w'(0)  tfj.-f 


(5.70) 


where 


r0  li  r0 


ri  ^ir-|Tp+7 


/■  r  /■ 


r0  ,  ^ g  r.,  ru 


(q.7D 


'Equation  (5.68)  mikes  it  possLile  ic  finally KObt-d'ln  sh^ll  deflection. 

>|  *  I  T ’ 

Briefly  it  can  b->  written. as  >:  =  Kw.  similarly,  we  can  obtain  an 
equation  for  cth^r  type:  uf.rhell  attc -hmeri ,s . 


I 


The  obtained  equation  is  a  homogeneous  linear  integral  equation. 
It  is  solved  by  the  method  of  successive  approximations.  Methods 
of  solving  integral'  equations  are  examined  in  reference  [7]. 


The  typical  distribution  of  thermal  stresses  in  a  conical  shell 
is  shown  in  Pig.  5*33-  The  most  stressed  point  is  point  A. 


5.2.  ION  MOTORS 


In  ion  motors  the  thrust  is  created  as  a  result  of  the  ejection 
into  space  of  positively  charged  particles  of  the  working  medium 
with  their  subsequent  neutralization  by  electrons. 

V 

Ion  motors  have  a  maximum  specific  impulse  of  50-250  km/s.  They 
possess  high  efficiency.  However,  ion  motors  have  comparatively 
low  thrust  from  the  midsection. 

We  shall  briefly  examine  the  classification  of  ion  motors. 

Based  on  the  method  of  working  medium  ionization  the  motors  are 
divided  into  two  groups:  motors  with  surface  ionization  and  motors 
with  volume  ionization  of  the  working  medium.  The  first  group  is 
subdivided  into  two  subgroups:  motors  with  high  ionization  on 
porous  tungsten  and  with  ionization  on  smooth  tungsten.  The  second 
group  is  subdivided  into  motors  in  which  working  medium  ionization 
is  accomplished  in  an  arc  discharge ,  motors  with  ionization  by 
superhigh- frequency  currents  and  with  ionization  by  oscillating 
discharge. 

Based  on  the  design  of  the  icn-optical  system,  the  motors  are 
divided  into  grid,  plate,  ring. 

Based  on  the  method  of  working  medium  feed,  ion  motors  can  be 
classified  into  several  groups:  with  forced  feed  of  the  working 
medium  by  inert  gas,  with  a  wick  feed  system,  with  dosing  of  she 
working  medium  on  the  basis  of  the  electrolytic  principle,  with 
working  medium  fed  by  the  inherent  pressure  of  saturated  vapors. 

In  view  of  the  small  expenditure  of  working  medium,  the  feed 
system  provides  fine  regulation  of  flow  rate,  which  is  accomplished 
by  various  methods  -  capillary,  valve,  etc. 
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PRINCIPAL  AND  STRUCTURAL  DIAGRAMS 
OF  MOTORS 


Ion  grid  motor  with  surface  Ionization 
and  forced  feed  of  the  working  medium 

This  motor  (Fig.  5.3*0  consists  of  an  ion  emitter-ionizer  unit, 
the  ion  beam  shaping  grid  unit,  the  feed  system  unit,  and  the  power 
supply. 

The  ionizing  unit  consists  of  a  sealed  niobium  chamber  1, 
heater  2,  ionizer  3,  which  is  a  plate  of  porous  tungsten  shaped  in 
the  form  of  cylindrical  surfaces  -  bands  3  -  between  which  are  soldered 
plates  if  to  protect  the  extraction  grid  from  ion  bombardment.  In 
the  ionizer  unit  there  are  also  screens  5  which  reduce  heat  losses. 


Fig.  5.3*J.  Diagram  of  ion  grid  motor. 

The  ion  beam  shaping  unit  consists  of  an  accelerating  (extracting) 
grid  6,  retarding  (shaping)  grids  7  and  beam  neutralization  grids  8. 
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Each  grid  is  a  tungsten  filament  tightened  to  the  frame  9  by  means 
of  flutted  adapter  10.  The  frames  are  braced  to  each  other  and  to 
the  motor  housing  through  insulating  plates  11. 


The  working  medium  feed  unit  is  designed  on  the  principle  of 
working  medium  displacement  by  the  pressure  of  inert  gas.  It 
consists  of  tank  12  with  neutral  gas  compressed  to  a  high  pressure, 
transforming  valve  13,  working  medium  container  14,  dosing  device  15, 
and  evaporator  1C. 

The  electric  power  supply  system  consists  of  current  supply  17, 
18 ,  to  provide  the  energy  of  the  electrodes  in  the  ion-optical  sys.em 
and  motor  heating. 

After  feeding  voitage  to  the  terminals  of  the  1.on-cpticnl  system 
the  motor  is  ready  for  operation.  Then  the  transforming  valve  x  i 
of  the  gas  cylinder  12  with  the  controlling  gas  is  open.  To  the 
membrane  of  tank  14  liquid  cesium i  is  drawn  through  the  proportioning 
valve  into  evaporator  1 6  and  chamber  1  of  the  motor  ionizer  by  gas 
pressure.  The  porous  tungsten  plate  of  the  ionizer,  heated  to  1200°K 
by  radiation  of  the  tungsten  grid  of  heater  2,  ionizes  the  cesium 
vapor,  positive  particles  of  which  are  extracted  through  the  pores 
of  the  porous  tungsten  into  tne  ion-optical  system  where  they  are 
accelerated  up  to  the  necessary  velocity. 

The  beam  of  positive  particles  i.>  neutralized  ov  el  cf*<  ns 
emitted  by  the  heated  tungsten  grid  8. 

The  advantage  of  this  system  is  its  simplicity.  The  disadvautag 
of  the  motor  is  grid  erosion,  as  we 3 '  as  the  high  neat  I  ssr-  through 
the  porous  tungsten  plate. 


Motor  with  a  plate-type  ion-optical  system 
and  surface  ionization  of  the  working  medium 


The  motor  (Fig.  ‘-.jo!  consi.'“s  of  the  ioniser  unit,  the  .Sou- 
optical  system,  the  i\  id  system,  f  o  f.  <:d  {witching  system,  i.J 
the  electrical  po-.'-r  system. 


The  ionizer  unit  consists  of  the  ionizer  housing  1,  ionizer 
heater  2,  ion  emitter  3,  plate  4  which  is  soldered  to  the  ion  emitter 
to  protect  the  extracting  plate  from  erosion.  In  the  ionizer  housing 
are  installed  screen  5  to  reduce  heat  losses  of  the  housing. 

The  ion-optical  system  unit  consists  of  an  accelerating  electrode 
6,  shaping  electrode  7,  neutralizing  electrode  8.  Each  electrode 
is  a  plate  with  openings,  connected  to  the  ionizer  housing  through 
insulator  9. 

The  motor  feed  unit  is  designed  on  the  basis  of  the  electrolytic 
principle  of  dosing.  The  working  medium  (cesium)  is  inclosed  in  a 
ceramic  capsule  10  with  heater  13  protected  by  screen  12.  When 
the  capsule  is  heated  to  700°K,  the  ceramics  takes  on  the  properties  of 
an  ion  emitter.  fit  this  temperature  the  cesium  begins  to  evaporate 
from  the  ceramics  and  under  the  pressure  of  the  saturated  vapor 
is  directed  to  the  ionizer  housing.  When  a  potential  difference  is 
created  between  the  working  medium  and  the  electrode  capsule  11,  the 
cesium  flow  rate  can  be  controlled  very  accurately. 

Repeated  on-and-off  switching  of  the  motor  is  accomplished  by 
cutoff  valve  17  controlled  by  enert  gas  and  located  in  gas  cylinder 
1*1  equipped  with  a  pressure  reducer  15  and  cock  16. 

Rower  is  fed  to  the  motor  electrodes  and  the  working  medium  tank 
of  the  neutralizer  is  heated  by  electrical  power  system  18,  19,  20, 

21. 

The  motor  operates  in  a  manner  similar  to  the  preceding. 

The  main  disadvantage  of  these  two  motors  is  the  high  average 
temperature,  which  leads  to  high  heat  losses  and  design  complication 
in  order  to  ensure  long  operation.  The  temperatures  of  the  ion 
emitter,  heater,  and  housing  can  reach  t  =  1200-1250°C,  t  =  1700- 
1750°c,  t!(  =  1000°C. 
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Fig.  5- 35*  Diagram  of  ion  motor  with  -surface  ionizafcior  of 
working  medium. 


Ion  motor  with  surface  ionization  on 
smooth  tungsten 


This  motor  (Pig.  5 • 36)  consists  of  an  ionizer  unit,  a  beam 
shaping  grid  unit,  a  feeu  system,  anc;  a  motox-  power  suppj.y  i.yuem. 


Tne  ionising  unit  consists  of  feed  electrode  1,  tubes  with  slotted 
openings;  ionizer  2,  a  stainless  steel  plate  covered  with  tungsten; 
and  heater  3.  Unlike  the  previous  ionisation  diagrams,  3r.  this  one- 
bombardment  bv  molecuiar  particles  of  tne  working  medium  'cesium') 
of  the  heated  smooth  surface  of  tungsten  is  achieved. 

The  acoeier..  ting  system  consists  of  an  acct  Li-ration  electrode  i. 
tne  form  of  a  grio  with  tungsten  segments  soldered  on  it  ani 
neutralization  grid  b  also  of  tungsten.  Bo*-  ,  grids  are  mounted  ->n 
frames  connected  with  the  housing  by  insulators. 


The  cesium  feed  system  is  force- f -a  bv  the  pressure  of  th.  rat.rr  let, 
vapor  of  the  working  meutum.  It  consists  c.'  a  tank  with  tne  workiuc 


I 


I 


medium  6  and  heater  7.  The  working  medium  is  fea  to^he  ionizers 
by  system  8,  9,  10,  11,  similar  to  that  shown  in  Fig.  5.35*  The 
power  system  and  electric  heating  is  shown,  by  positions'  12,  13,  14.  . 


I 

i  ■ 
i 

i 

i  ’ 

i 

i 

Fig.  5.36.  Diagram  of  an  ion  motor  with  counterflow  working  ,  . 

medium  feed.  ,  1  ’  ; 

J 

This  motor  has  advantages  over  the  preceding.  It  is  structurally 
simpler.  There  is  no  ionizer  unit  of  porous  tungsten.  The  surface 
of  the  tungsten  is  polished,  as  a  result  of 'Which  its  self-radiation 
as  compared  with  porous  tungsten  is  reduced  by  a  factor  of  approxi¬ 
mately  three.  There  are  no  heaters  having  higher  temperature  than  ( 

the  emitting  surface.  In  thtr  design  the  heater  is  combined  with 
an  emitter  and,  therefore,  the  tungsten  and  the  hdater  temperatures 
are  near.  > 

However,  this  design  is  not  as  widely  used  because  of  a  number  of  . 
disadvantages.  The  motor  has  comparatively  low  efficiency  since 
loss er  from  particle  acceleration  ai^e  greatej-  than  in  the  design 
with  porous  tungsten.  Th*  working  medium  has  a  iow  usage  factor. 

1 
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’There  are  .difficulties  in  prcvid.irig  the  feed  of  the  molecular 

beam  from  the  slot  on  the  emitter  surface.  Nonuniformity  of  flow 

! 

and  nonuniformifcy (of  mirror  heating  are  possible  and  can  lead  to 
overheating  of  ‘the  ionizer. ,  Secondary  processes  are  complex.  Since 
the  ion  beam  passes  through  the  molecular  beam,  collision  and 

i 

•overcharging  of  particle?  are  unavoidable  and  lead  to  losses.  The 
problem  of  protecting  eleqtrodes  from  erosion  is  more  complex 

*  i 

than  in  the .design  with  porous  tungsten.  : 

I 

Ion1  motor  with  volume  ionization  of  the 
working  medium  by  an  oscillating  discharge 

i 

'  '  i  .1 

Thi^  motor  (Fib*  5.37)  consists  of  an  ionizing  unit,  an  ion-opt^a 
,  system  electrode  unit,  a  working  medium  feed  system,  and  a  power 
supply'  system.  ■  i 

■  i* 

,The  ionizing  unit  consists  of  housing  1  made  in  the  form  of  a 
cylindrical  chamber  with  openings  on  the  end  wall,  cathode  2  of 
tantalum  plate,  cathode  heater  3,  anode  stabilization  winding  b- 

The  ion-optical  system  consists  of  electrodes:  accelerating  t, , 
shaping  7,  and  neutralizing  8. 

1  ,  i  ' 

jThe  feed  system  is  forced  by  the  pressure  of  the  saturated 
cesium  vapor.  The  cesium  tank' 9  has  heater  10  which  ensure?  oeci  i. 
evaporation,  fiecis.e  control  of  the  feed  1?  accomplished  b,  '.e*  .  ng 
capillary  31.  The  power  supply  system  consist:;  of  power  source-;  -2 
which  provide  power  co  the  heater  of  the  service  tank  9,  you: 

13,  14  supplying  power  to  the  main  electrodes  2,  4,  6,  and  heaters 

i  i  , 

lb  of  .the  cathode,  neutralizer,  and  solenoid  5* 

!  ,  I 

Witn  the  heating  of  the  tantalum  plate  of.  the  motor  cathode,  t  ■  ■ 
e.ectroni  cloud  which  abises; oscillates  in  the  chamber  between  the 
cathode  and  the'anode,  ionizing  *he  working  medium,  which  ^an  bo 
cesium  vapor,  mercury,  or  gases  -  argon,  etc. 

i  i  * 

1  i 

!  Sib  ' 

•  .  i 
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An  advantage  of  this  motor  is  also  the  possibility  cf  a  broad e: 
choice  of  working  mediums. 

The  disadvantage  is  its  larec-  ^ize  as  compared  with  similar  motors 
based  on  the  principle  of  surfae-  ionization. 

MOTOR  ELEMENT  DESIGN 

Ion  emitter  and  ionizer  unit 

The  bracing  and  the  chape  of  the  porous  tungsten  plate  are  shown 
in  Fig.  5.38. 

For  versions  a,  b,  and  c  oi  the  figure  it  is  characteristic  that 
the  ioniser  itself  is  made  from  one  piece  of  pcrous  tungsten  havl.-,; 
rectangular,  square,  hexahedral ,  or  circular  shape.  Along  the 
perimeter  the  ionizer  is  joined  by  welding  or  soldering  with  1  U'-l, 

molybdenum,  or  niobium  shell .  To  shape  the  ion  beam  molyi  denum  or 
niobium  plates  are  soldered  to  the  outer  shaped  surface  cf  porous 
tungsten. 

The  advantage  of  this  bracing  design  lies  in  the  fact  that  the 
length  of  the  connecting  surface  of  the  ionizer  housing  and  the 
porous  plate  Is  the  smallest. 


As  is  known,  porous  tungsten  is  very  brittle,  while  the  steel, 
molybdenum,  or  niobium  shell  Is  plastic  and  pliable.  In.  1  '  . 

of  such  a  pair  Is  complicated.  Even  electron-beam  weeding  ^.oes  m  „ 
ensure  the  absence  of  cracks  and  burning  of  material  at  the  join*-. 
Welding  by  the  electron-beam  method  is  performed  automatically, 
maintaining  a  constant  rate  of  seam  formation.  On  the  angular  notion 
of  tl  e  weld  seam  a  programmed  automatic  device  is  necessary  to  m  *p 
the  welding  rate  conr.ant.  This  is  why  angles  in  a  porous  plate 
are  rounded  off. 
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Soldering  the  porous  plate  with  the  housing  is  more  desirable 
since  cracking  of  the  emitter  is  less  likely.  In  soldering,  the 
housing  and  the  emitter  are  heated  simultaneously. 


The  shape  of  emitter  plates,  illustrated  in  Fig.  5.38a,  b,  c,  has 
disadvantages.  The  high  temperature  of  the  plate  (1200°C)  requires 
an  even  higher  temperature  for  the  heater  (up  to  1700°C)  and, 
consequently,  the  work  of  the  motor  is  accompanied  by  large  heat 
losses  since  the  porous  plate  is  comparatively  large. 

The  emitters  shown  in  Fig.  5.38a  are  also  bad  because  of  the  fact 
that  their  uniform  heating  cannot  be  ensured.  The  drum-cover  plates, 
installed  for  beam  shaping,  have  temperatures,  unlike  porous  tungsten 
temperatures,  which  correspond  to  the  appearance  of  cracks  in  the 
unit. 

A  more  perfected  design  is  presented  in  Fig.  5.38d.  The  radiation 
surface  is  reduced  to  a  minimum.  Some  increase  in  the  length  of  the 
soldered  surface  as  compared  with  the  preceding  designs  is  compensated 
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by  the  perfected  circular  shape  of  the  emitters,  convenient  for 
electron-beam  welding  and  soldering. 

Ion-opt\cal  system  :*nit 

Figure  5*39  shows  elements  of  the  ion-optical  system  of  grid 
design.  Grid  1  of  tungsten,  molybdenum,  or  tantalum  is  mounted  on 
frame  2  of  stainless  steel.  One  end  of  the  grid  filament  is  welded 
to  the  frame;  the  other,  in  order  to  compensate  for  thermal  elonga¬ 
tions  and  the  creation  of  tension,  is  attached  to  bellows  3.  The 
bellows  must  be  two-layer  as  shown  in  the  figure,  if  it  is  to  com¬ 
pensate  for  the  tension  of  one  filament,  and  one-layer  if  two  filaments 
are  compensated.  The  frames  are  attached  to  each  other  by  bushing 
*1  of  aluminum  oxide.  The  bellows  are  not  required  for  grids  whose 
design  is  shown  in  Fig.  5.^0.  The  electrodes  here  are  made  in  t In¬ 
form  of  rigid  hollow  tubes.  Such  shape  allows  the  use  of  the  internal 
cavity  of  the  accelerating  electrode  pipe  as  a  beam  neutralizer 
For  this,  it  is  covered  with  tungsten  and  has  an  additional  heater. 

An  example  of  a  plate  electrode  design  is  shown  in  Fig.  'jjtla. 

A  plate  with  openings  1  is  attached  to  the  motor  housing  ^  by  means 
of  a  thin  rigid  stamped  shell  2  and  three  insulators  3  of  aluminum 
oxide.  Metal  elements  are  soldered  to  it  to  provide  reliable  center. 
and  insulator  bracing. 

Frequently  the  openings  of  the  plate  electrode  are  the  tracing 
spot  of  the  neutraliser;  Fig.  5Jtib  shows  various  versions  of 
neutralisers. 

Heater  unit 

The  simplest  possible  heater  design  is  shown  In  Fig.  5 • ^ T a .  On 
a  ceramic  plate  1  are  installed  tungsten  filaments  2,  fixed  in 
their  seats  by  an  open  pla*-e  of  beryllium  oxide.  The  disadvantage 
of  the  heater  is  the  hl„_,b  heat  los, . 


r  A  9 


1 


I 


1 
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Pig.  5  -  39 •  Design  of  ion-optical  system  elements. 


The  heater  in  Fig.  5- 42b  is  made  directly  on  the  ionizer  housing.  ■ 
The  tungsten  v/ire  is  insulated  from  the  housing  by  ceramifc  washers. 


Fig.  5.40.  Electrode 
design. 
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,  Figure  5.*12c  shows  the  design  of  a  plate'  heater.  The  construction 
of  the  tank  and  the  servicing  equipment'  for  the  working  medium 

•  I  ,  * 

is  shown  in  Fig.  ,5.^3.  The  diagram  illustrates  the  servicing  device 

•  i  is  i 

1,  the  tank  with  the  working  medium  2,  a  porous  diaphragm  3,  and 
'a  porous  membrane  4.  : 

'  ,  *  ‘ 

Figure  5.^  presents  an  ion  motor  designed  for  the  .'orientation 
of.  earth  satellites.'  Cesium  vapor  is  ionized  on  the  surface  of 
the  ion  emitter  4  ,of  porous  tungsten,  heated >to  1230°C,  and  extracted 
by  accelerating  electrode  6,  heated  to  1130dC,.  Beam'  shaping  ;is 
accomplished  by  decelerating  electrode  7  solderlngs  ‘8  for  ion 

i 

neutralization.  1 

I  !  i  j  1 

•  The  Cesium  is  fed  from  tank  10  under- the  pressure  of  the  saturated 

,i  i  • 

vapor,  for  which  it  is  heated  to  100-150°C.  Dosage  is  accomplished 
by  the  porous  diaphragm  12  of  ceramic,  with  the  use  of  the  electro];-! 

i  1 

effect  of  the  diaphragm.  On  the  outer  -wall  of  the  diaphragm  a  thin 

I 

film  of  copper  is  deposited.  Fine  control  of  working  medium  flowrate 
is  accomplished  by  changing  the,  voltage  of  the  "hopper  layer-plat8'." 
Figure  5- ^5 -presents  the  .overall  view  of  , the  motor  [ 9,0 ,  developing 
thrust  R  «  7 "10  N;  current  in  the  ion  beam  is  12  rnA;  potential 
of  the  accelerating  ei-etrode  is  8  V,  of  the  decelerating  electrode 
> i  kV.  Figure  5.^6  siv-ws  t;h'e  overall,  view  of  a  motor  with  'Volume 
ionization.  The  cesium  in  vapor  state  through  opening  1  parses 
tr.rohgh  distributor  2  into  the  discharge  chamber.  Cathode  3,  anode- 
<i,  and  anticathode  5  create  th,e  conditions  for 'ionizing  the,  c  ;s lun , 
whose  ions  are  extracted  by  the  accelerating  electrode  !grid  6. 
Stabilization  of  the  ion  beai?  is  effected  by  the  elect roma  ;ue  Le 

.  ,  I  ’  ,  '  . 

coil  6.  . 


Figure  5.^7a  and  c  shows  the  design  ofi  ion  ;motor  units  with  v<  lurre 
lopization  of  cesium  vapor. 1  Cesium  vapor  is  ionized  in  chamber  1 
as  a  result  of  the  oscillating  di scharge- between  cathode  2,  a  fiat: 

i  I 

tungsten  spiral,  and  tungsten  anode  3  in  the  form  of  a  ring  The 
fathode  and  the  anode  are  insulated  from  the .chamber  waits  by 
insulators  1).  .  1 
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Fig.  5.^1.  Plate  electrode  design. 

Positive  particles  of  ionized  plasma  are  extracted,  accelerated, 
and  neutralized  by  the  ion-optical  system  of  the  motor  5»  6. 

Liquid  cesium  is  fed  by  forcing  it  from  the  tank  under  the  pressure 
of  compressed  argon  in  the  gas  cylinder.  The  compressed  argon 
through  the  transforming  valve  acts  on  the  deformable  diaphragm, 
feeding  cesium  to  the  dosing  valve. 

The  peculiarity  of  the  valve  design  is  the  fine  control  of  the 
flow  rate,  using  bimetallic  plate  8.  This  plate,  if  its  temperature 
is  changed  by  the  heater  9,  bends  and  opens  a  path  into  the  ionization 
chamber  1. 


Pig.  5 •  2 .  Heater  design. 

KEY;  (1)  View. 

Figure  shows  a  version  of  ion  motor  design  with  volume 

ioni zation. 

The  mo’ or  consists  of  a  hollow  cathode  1,  cylindrical  an  xi  •* 
extracting  electrode  3,  neutralizer  h ,  and  bracing  element  5. 
heated  working  medium,  leaving  the  cathode  opening  ?.  is 


Fig.  5.M.  Ion  motor  design:  1  -  housing;  2  -  heater;  3  - 
screen;  J1  -  porous  plate;  5  -  cover  plate;  6,  7  -  electrodes 
8  -  neutralizer;  9  -  insulator;  10  -  tank  wall;  11  -  heater; 
12  -  porous  plate. 


Fig.  5.JI5.  Overall  view  of  ion  motor:  1  -  cesium  flow  valve 
2  -  tank  with  working  medium;  3  -•  switching  tape;  -  heace>*; 
5  -  ionizer;  6  -  accelerating  electrode;  7  -  decelerating  and 
neutralizing  electrode. 
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Fig.  .hi.  Motor  with  volume  ionization  of  working  ia>->:j.um. 


Stress  analysis  of  motor  elements 
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Axisymmetric  shells  of  complex  form  are  encountered  in  motors. 

Let  us  analyze  them. 

We  separate  from  the  shell,  by  two  meridional  and  two  circular 
cross  sections,  an  element  with  dimension  dxdy  (Fig.  5.^9) •  Internal 
forces  and  moments  are  applied  to  the  faces  of  this  element. 

Through  T  and  T  we  designate  the  tensile  stresses  per  unit 

x  y  _  _ 

length  of  the  corresponding  section;  Qv  and  Q  are  lateral  forces; 

_  x  / 

S  is  shearing  force.  These  force  factors  are  given  in  daN/mm. 

The  same  designations  are  introduced  lo.r  relative  bending  moments 

M  and  M  and  torque  H.  They  are  given  in  daN* mm/mm;  p  is  internal 
x  y  2 

pressure,  in  daN/mm  . 

Positive  directions  for  forces  and  moments  are  indicated  in 
Fig.  5.50.  These  forces  and  moments,  expressed  through  relative 
values,  will  be: 


/-*-  l>tlX(llj\ 

l\  ~y\  rfy ; 

r,+ar  tix )  iii/'; 

Ty  =  7\  ds ; 

i'tHv  —  l  tltt  )  tlx; 

1^ 

1! 

Q .  I*  (IQ  v  =  f  Qx  -j-  i/x  )  chi'  l 

\  Ox 

Qy~T 

Q,rb(lQy-~  [Qy  -!-  fu  (It/  j  d.y; 

S  S,  ( It/ ; 

i 

I! 
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(5.72) 


♦ 


All/--  .W„ r/.v, 

fi^thhr. 


H  \-  tlH-(n  Jrd^lix)(,lt>- 


It  is  characteristic  that  in  the  expressions  for  forces  and 
moments  in  the  form  of  deformation  axial  symmetry,  the  values  of  d.. 
in  the  front  and  back  parts  of  the  element  are  equal  to  each  other. 
Segments  dy  to  the  right  and  left  are  different  since  their  defoima 
in  the  direction  of  the  axis  can  be  substantial. 


It  is  easy  to  show  that 


<///' 


External  forces  acting  on  the  shell  are  assumed  to  be  asymmctrl" 
therefore  internal  forces  do  not  have  the  properties  of  axial 
symmetry.  If  the  loads  are  symmetric,  the  internal  1‘crce  factor'- 
will  not  depend  upen  y. 


Steady-state  equations  are  composed  fer*  a  d  foimed  shell,  i.*;., 
we  shall  assume  that  due  to  the  rather  large  local  di spiarterr.or.i 
in  w,  the  radii  of  curvature  for  t..e  miudic  ;  face  i..ve  c  ... 
noticeably  and  acquired  the  vaaues  of  Kj  ana  Ri. 


* 
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Let  us  project  all  forces  acting  on  the  element  onto  the  normal 
to  the  middle  surface.  If  we  disregard  quantities  of  the  highest 
order  of  smallness,  we  obtain 

pM,-T.<x£-r,alf+3dt±{iLyx+ 

if  (If) dy+' d»-(& + 1 )f-,lx)  W + 

4-q,rfA--(Q„4-^rfJ,W=,o, 


hence,  after  substitution  of  dy1  and  transformations,  v/e  find 


Pig.  5-^9.  Axes  of  coordinates.  P-^8*  5*50.  Loads  acting  on  a 

shell  element. 
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This  equation  enables  us  to  allow  for  the  noticeable  change  in 
shell  shape  during  loading.  Its  distortion  leads  to  a  twist  of  th 
middle  surface,  and  the  forces  5  give  components  along  the  normal. 
However,  usually  the  fourth  and  fifth  terms  are  disregarded  and 
steady-state  equations  have  the  form 


_ _ £.  &Qy 

•  rv*  rv  -v  * 


(S.7‘») 


Let  us  find  other  equations.  We  shall  project  all  forces  in 
the  direction  of  the  tangents  to  the  arc  of  the  meridian  and  the 
arc  of  the  circle.  This  gives 


+ -£■**  r~r'  -*“*+ 

(r,  +  £jj-  <iy  ) tlx -  fy'Jx  +  dx\ .it/ - Sdtj  + 


Hence 


_  tx  ,  af  r _ tu  .  ds  Qx  L  q  _  _ 

#>  tg  A  1  dx  ~r<fy  '*  Kl/  dxdy  * 

dfj,  ,  25  .  dS  Qu  .  ~  , 


Sl-1 _ ^  —  Q 

dy  V  R2  tg(i  ^  d.c  /?;  r  <x  dxdy 


1  (5.7?' 


Let  us  take,  finally,  the  sum  of  the  moments  of  all  forces  restive 
to  the  tangent  to  the  arc  cf  the  meridian  and  the  tangent  to  ./to  arr 
of  the  circle: 

(  MV  +  (/y  'j  (l  x  -  dx  —  Qy  d.\  1 1  y  —  JTdy  -[ 


o01 


{H 0; 


(M-,+^r‘ix 


\dy'  —  Mxdy—Qx  dx dy— My dx  — - f ' 

/  ^2^6 


•f  (H  +  $2  dy  )  dx -  //  r/A*=0, 


hence 


— •’  Qx=^L-^dH  ;  Mx  —  dfr 

y  dx  fytg6  dx  '■  dy  ^  R2{ ge  * 

We  shall  disregard,  as  above,  the  quantities 
2/7/^2tg0  and  (Mx-My)lH2\gO. 


Then 


Q^MjL  +  iK;  Q-M*+W 

dy  '  dx  x  dx  '  dy  ’ 


Substituting  Qy  and  Qx  into  equation  (5.7*0,  we  obtain 


VMX  o' 

J  _» 

Tx 

d2// 

d*My 

*i 

<5*2 

dx  dy 

dy- 

Curvatures  1/R^  and  l/Rg  differ  from  1/R^  and  l/Rg,  respectively, 
by  quantities  02w/<?x2  and  d2d/*y2.  Thus 


J _ 1  d*w  ,  J___J _ djw_ 

R\  ~  Rx  dx 2  *  R'2  /?2  fy* 


Finally,  we  obtain 


(± 

d^w  \ 

U 

dx  2  J 

dU1x  o  ^  dmf  o 

dx*  dx  dy  dy  2 


(5.76) 
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Equations  (5.7fO,  (5.75) >  (5.76)  should  be  fulfilled  by  the 
equations  of  shell  deformations. 

Let  us  examine  shell  deformation.  As  already  indicated,  the 
geometry  of  a  shell  is  wholly  determined  by  the  radius  of  curvature 
of  the  arc  of  the  meridian  R^,  by  the  second  principal  radius  R?, 
and  by  angle  6  between  the  normal  to  the  middle  surface  and  the 
axis  of  symmetry.  The  shape  of  the  middle  surface  after  deformation 
is  called  the  elastic  surface  of  the  shell.  It  can  be  characterized 
by  three  projections  of  the  full  displacement  of  point  A  onto  the 
x-,  y-3  and  z-axes.  Let  us  designate  these  projections  u,  v,  and  w, 
respectively  (see  Pig.  5.^9). 


a)  (a;  $(b)  8)  (s! 


Pig.  5.51.  Finding  the  radial  deformation  of  an  element. 

The  x-axis  and  the  displacement  of  u  are  directed  along  the  tangent 
to  the  arc  of  the  meridian,  y  and  z  along  the  tangent  t  o  t'.j  arc  cf 
the  circle,  and  z  and  w  along  the  normal.  If  shell  def  mot' or  i; 
axisymmetric ,  displacement  or  v  vanishes. 

We  shall  express  the  deformation  arising  in  the  shell  in  ternr 
displacements  of  u,  v,  and  w.  We  find  the  component;:,  of  d*' forma  I  \  cn 
ex,  Gy,  and  Yxy  in  the  middle  surface  and  designate  them  ecx,  eCy 

£cxy  ’ 
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The  quantity  ecx  consists  of  three  terms.  The  first  term  is 
conditioned  by  displacement  u.  The ) left  end  of -the  element  dx 
(Pig.  5*51a)  obtains  displacement  u,  and.  the  right  end  -  u  +  |^dx.  • 

Displacement  w  is  considered,  for  the  present,  equal  to  zero.  The 
length  increment  of  the  element  will  be  (5u/dx)dx  and  ,the  corresponding 
elongation  per  unit*  length  0u/$x.  .  '  ! 

j  ‘  !  I  v 

.  i  I 

The  second  term  is  conditioned  by  displacement  w  (Pig.  ,5.51b). 

If  before  deformation  the  length  was  dx,  after  deformation  it  will  ] 
be  dx  +  (wdx/R^).  The  length  increment  is  wdx/R-^  and  the  corresponding: 
elongation  will  be  w/R^.  .  ‘  1  ,  ! 


Finally,  the  third  term  is  conditioned  by  the  turn  of  the  element 
dx  in  the  plane  of  the  arc  of  the  meridian  (Pig.  5. 51,c)  in  the  ,  . 

j  ! 

absence  of  displacement  u.  Segment  AB1  is  larger  than  segment  AB 
by  che  quantity  (,dx/cos  0)  -  dx.  Corresponding  elongation  is 

(1  -  cos  0)/cos  0  ~  02/2.  Since  angle  0  =  aw/p,  elongation  is  ! 

1  /  dur\2  i 

2  W,l  •  .  ' 

\  ’  I  j 

This  quantity  is  a  quadratic  function  of  bend.  With  small  bends 

it  can  be  disregarded.1  :  .  . 

j  '  •  \  '  5 


Fig.  5.52.  Finding  the 
circular  deformation  of 
an  element. 


Summing  the  obtained  expressions,  we  find 


’ex' 


du 

dx 


1  (dw\  2 
dx  ) 


(5-77) 
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Similarly,  we  can  set  up  an  expression  for.e^;.  Here  we  should k 
however,  add .one  more  term.  1 

i  i 

>  ! 

Let  ,us  examine  the  element  dy  (Fils-  5*52)1  If  both  ends  of  this 
element  achieve  displacement  u,  segment  AC  is  -extended  by 
u(du/R2  tg  '$).  Relative  elongation  y;ill  be  u/(R2  tg  8).  The  firs]: 
t^iree  terms  are  written  similarly  to  e  .  We  shall 'obtain  i 


dv  ,  on  ,  1  idw\ 2  , 

£cy  —  ~ — i  — !-  —  (  —  )  r 


dx  '  y?o  '  2  \dy)  '  /?2tg0 


(5*78)  ! 


In  order  to  find  the  angle  of  shift  Ycx!y>  we  shall  examine,  element 
dxdy  in  the  plan '(Fig.  5.53a).  During  deformation , three1  points  ABC 


occupied  the  position  A'B’C1'. 

•  1  i 


‘ 


1?</y 


dv  , 


A  t*  B 
.  a) 


Ay  /y 

4 . 

A  dx  \  j_  x 


4  « 


Fig.  5*53* 


The  angle  between  the  segments  A'  B'  and  AB  ^  v/3  :< .  The  angle 

between  the  segments  A'C'  and  AQ  is  , 


Disregarding  quantities  of  the  highest  order,  we' Tin. 


du 

\  o  — :  — 

'dy 


—  v 


da  i 

dy 


du 

dy 


R2  Ig  0 


I 
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The  angle  of  shift  is  the  variation  in  the  angle  BAC  and  is 
equal  to  the  sum  of  the  obtained  angle: 


V  j_v  —dv  i  du  V 

Yi  i  ^2—- — r~ - r - — 

dx  dy  R2  tg  0 


To  this  quantity  there  must  be  added  one  more  term,  caused  by 
bend  w.  Let  us  examine  Pig.  5. 53b.  Due  to  the  fact  that  the 
segments  dx  =  AB  and  dy  +  AC  are  rotated,  respectively,  by  angles 
0w/jx  and  jw/dy ,  the  angle  between  them  does  not  remain  a  right  angle. 
It  changes  exactly  by  the  quantity  of  the  unknown  term. 


Pig.  5.54.  Finding  the  com¬ 
ponents  of  deformation. 


As  we  know,  the  cosine  of  the  angle  between  the  two  straight 
lines  cos  q>  =  *  mim2  nin2’  w^ere  ^2*  ml*  m2’  nl*  n2  are  ^he 

direction  cosines  of  the  lines  forming  angle  q> . 

)  J 

In  our  case 

?=90°— v*; 

A  —  U'  tn j = 0;  nx— dw/dx; 

4=0;  m2=l;  n2=dwldy. 

Consequently,  cos  (90°  -  y_)  -  YE=  —  . 

s  6  dx  dy 

Thus,  in  the  middle  surface  the  angle  of  shift  is 


__  dv  ,  du _ v _ |  dw  dw 

YfrV  ~T  dx  ^  dy  '  dx  dy 


(5.79) 
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We  find  here  deformation  ex,  ey,  Yxy  in  layers  which  are  distance  z 
from  the  middle  surface.  Let  us  assume  the  hypothesis  of  the 
invariability  of  the  normal,  assuming  that  the  points  on  the  normal 
uo  the  middle  surface  remain  on  the  same  normal  after  deformation. 

Then  the  displacement  of  the  point  which  is  distance  z  from  the  middle 
surface  will  differ  from  u  and  v  by  quantities  z(flw/jx)  and  z 
(8.1/dy)  (Fig.  5.^). 

Thus, 

dw  dw 

uz—u—z  ;  vz--=v  —  z  — ;  w.-w, 

dx  dy 


where  u,  ,  v  ,  w  are  the  displacements  of  the  point  which  is  dlsinnc 
Yj  z  z 

z  from  the  middle  surface. 

In  addition,  at  this  point  we  should  assume,  instead  of  ar.d  R  , 
the  quantities  +  z  and  R2  +  z  and,  accordingly, 


j 


_J _ 1_ 

R\^:~Ri 


l 

R-t+  2 


Here  from  expressions  (5-77),  (5-7R),  (5-79-,  we  essi’v  find  v r ■ 
components  of  deformation  in  all  layers  of  the  shell.  For  this  w- 
substitute,  instead  of  u,  v,  and  w,  the  quantities  u.  v  .  and  w,  . 

Ct  it  L 

Finally,  keeping  the  first  powers  of  z,  we  obtain 


♦ 


♦ 


dx  Ri  2  \dx  )  '  [dx'-  1 

Hj.JLa.J_/1 
' y  R*  2  V 


dv 

dy 


dw  \2 

dy) 


+ 


R?  ig  & 


ffiw  .  w_  ,  u  ,  1  dw  \  # 

dy 2  /?|  R\  tg  3  7?2  U  dx  )  * 


V 


_ dw  ,  du_  v  |  dw  dw 

dx  dy  /?2  tg  (f  dx  dy 

__z  i  n  dftw  |  v  ■  1  dw  \ 

2  \  dx  dy'  /?|  tg  0  "T"  /?2  *g  f  dy  J 

Terms  with  the  factor  z  are  deformation  caused  by  the  bend  and 
twist  of  the  shell. 


In  practical  calculations,  in  expressions  for  flexural  deformation 
2  2 

the  terms  w/R1,  w/R2  do  not  have  a  high  value;  the  terms  u/R2  tg  6 
and  v/R2  tg  0  are  also  very  low.  With  allowance  for  simplifications, 
we  finally  obtain 


*  dx^Ri  2\dx}  dx 2 

dv  ,  w  .  1  idw  \2  _  d?w  . 

,,=«r+j%+T(*) 

_dv  .da  .dw  dw  (P-w 

*y  dx  dy  dx  dy  dxdy 


(5-80) 


Error  connected  with  simplifications,  does  not  exceed  2-3$. 

Thus,  there  are  six  equations  for  finding  the  six  unknown  \ 

equations  of  elasticity.  It  remains  to  be  found  what  the  stresses 
°x,  oy,  and  Txy  are  equal  to. 

Let  us  examine  the  side  face  of  the  element  dxdy  (Fig.  5.55). 

At  distance  z  from  the  middle  surface,  we  distinguish  on  these  faces 
elementary  bands  with  a  width  of  dz.  Stresses  ox,  oy,  and  Txy  within 
each  band  remain  unchanged. 


Force 


___  "I* 

Trdij=  ^  oK(hjdz\ 
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since  dy  within  the  face  remains  a  constant  quantity,  then 


A  2 


-A  2 


similarly. 


Moment 


A,'2 

Ty—  [ 
-A/2 


A/2 

—A,1 2 


A/  r  <///  = 


A/2 

—  |  itz  il  yd  z. 

-A/2 


The  minus  sign  indicates  that  positive  stress  with  positive  giv 
a  moment  which  is  opposite  in  sign  to  that  which  was  examined  when 
we  were  setting  up  steady-state  equations  (see  Pig.  5.50). 


Precisely  thus  we  find  M  and  H.  Finally,  we  obtain 

<y 


h’2 


'i\  —  j  M  r  = 


-A  2 


A/2 

j’ 

-A/2 
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h  2 


— A'2 


h  2  _ 

s  =  \  Xxy  lU\  H 

—hrl 

Let  us  proceed  to  an  examination  of  specific  particular  cases  of  shell 
analysis. 

Analysis  of  a  torus-shaped  shell 


Torus-shaped  shells  are  used  in  feed  systems  and  motor  control 
systems.  The  peculiarities  of  the  shell  is  the  variable  value  of 
the  second  principal  radius  of  curvature  R,,  (Pig.  5-56). 


Fig.  5.56. 
shell . 


The  angle  of  slope  for  the  principal  radius  of  curvature  is 


u-=0;  /?2-*oc;  =  Ri—a  +  R; 

Ct  =  —  — ;  R2  =  a—R\  RX  =  R=  const. 
2 


Let  us  set  up  the  steady-state  equation  of  an  element  cut  by  two 
planes  normal  to  the  surface.  For  this  we  find  the  values  of  radii 
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/^2  = — — — | -/?;  r«/f2slna*»fl+/?sina. 

sin  u 

Projecting  all  forces  onto  the  z-axis,  we  obtain 

A’o  sin  a2nr  —  /kt  (r2  —  02)  ~  0, 


or,  substituting  the  value  of  r, 

No  sin  a2.*r  (a  -f-  /?  sin  a)  =  ^  {(a  -f  /?  sin  a)2~ a2} 

and 


pR(2a  +  /?sin  a)  t 
2(n  +  /?sina)  * 


/’/?  2a  4-  2. sin  a 
2/i  a  -f-  Rs\n  a 


(3.8?) 


Prom  the  main  equation  (?.30)  we  obtain 


.V 


¥ 


(5.83) 


As  is  apparent  from  expressions  (5.82)  and  (5.83) ^  the  greatest  ota. 
Og  arises  at  t\ie  internal  points  of  the  torus-shaped  shell  when 
<p  =  — tt/2  ;  in  a  particular  case  when  a  -  R,  stress  is  o<,  =  a 


Thermal  stresses  of  a  spherical  shell 


Stresses  in  a  spherical  shell  are  determined  from  formulas  [!e  j: 


2£u  "  r  3  —  a3 
1— u  (/3_a^r3 


* 

\  Ifr-dr  — 

a 


-1^/rVr 

a 


» 


1 


6J1 
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■when  r*  =  b 


Ea*„  a(h~a)(2a  +  A) 

2(1  —.{I)  t*-a3 

i 


If  the  ^hell  has  little  thickness,  we  assume  b  =  (1  +  m)a,  where 
m  is  a  small  quantity.  Substituting  this  value  into  formulas  o 
and  o,p  and  disregarding  the  highest  orders  of  quantity  m,  we  find 


when  r  =  ai 


Eut*  /,  ,.2«\. 

*)’ 


when  r  =  b 
! 


Ea/a  ■  /.  f  2m  i 
2(1  —ix)  [  3/* 


If  we  disregard  quantity  2m/3>  we-  shall  arrive  at  the  same  values 
for. circular  stresses  as  were  obtained  for  a.  cylindrical  shell  and 
for  a  tfiin  plate  with  attached  edges.: 


Analysis  of  flexible  plates 

)  1  1 

By  flexible  we  mean  those  plates  which  are  free  and  under  the ^action 
external  forces  noticeably  change  their  shape  without  disrupting 
the  elastic  properties  of  the  material.  Usually,  such  plates  have 
a  valup  for  parameter  w/h  >_  1. 

.  .  i 

The  difference  between  such  plates  and  those  examined  above  lie* 

In  the  fact  that  to  of  the  bendihg  stresses  are  addc  1  tin?]'1’  e* 
compressive  stresses  of  the  middle  surface,  due  to  large  deflection. 
(Fig.  5.57a). 

In  deriving  the  basic  equations  examined  below,  we  retain  the 
hypothesis  of  tne  invarLabil-ity  of  the  normal  to  the  m'ddle  surface 
and  the.  problem  is  solved  within  the  limits  of  elasticity. 

i 

Let  us  set  up  steady-state  equations  for  a  plate  element,  to  wnlcn 
we  shall  give  two  meridional  anc.  two  conic  sections,  with 


i 


i 


II 


I 

r 


dimension  r,  dr.  We  apply  to  the  element  external  loading  P  and 

the  forces  and  moments  which  act  along  its  edges  (Fig.  5.57b). 

The  diagram  of  force  action  is  similar  to  that  presented  Ir.  Fig.  2.50, 

only  distributed  normal  forces  T„  and  T  are  added.  r.  °  -’■'te 

r  <p 

element  is  presented  in  strained  sta^e. 


Fig.  5-57.  Loads  acting  on  an  element  of  a  flexible  plate. 


The  values  of  the  force  factors  are 
i  » 

Q  =  Qr n<p;  (Q -f- dQ)  =  (Q-f  dQ) (r -f dr) do; 

Tr  =  ftr  dr,  Tr  -f dTr  =  (Tr  +  dTr)  (r  +  dr)  do; 

Ti=f7dr; 

Mr  ••=  M,r  dr,  Mr  +  dA lr  =  (Mr  +  dMr)  (r  -{-  dr)  dr, 

Mi  —  M.:dr;  P  —  prdodr; 

M  ( P )  ■•=  pr  do  dr  dr;  M  (Q  -f-  dQ)  =  (Q-f-  dQ)  (r  -f  dr)  d?  dr. 


Let  us  project  all  forces  onto  the  z-axis: 

Qr  dy  —  (Q  -f- dQ) ( r  -f  dr)  do -f- pr  do  dr  -f  Ttr  df'6  — 
-U  r  -f  M,){r  -f •  dr)  dQ) = 0; 

6 1*1 


here,  instead  of  the  sines  and  cosines  of  the  small  angles,  are 
substituted  angles  or  units,  respectively.  After  transforming 
this  equation,  disregarding  small  quantities  of  the  second  order, 
we  have 


(5.86) 


or 


r  {TtH  +  Q\=F{r),  where  F(r)**C  +  ^prdr. 

Let  us  project  all  moments  onto  the  y-axis: 

M,r  df  - (M, + dM'W  +  <!r) <t? + 2M, ilr 

—  -1  nr  f!z  itr  dr  -f  (5+ 1/5)  (r  -f  Or)  <l-<  dr = 0. 

After  simplifications  similar  to  those  of  the  first  equation,  we 
obtain  *  1 

-l/?  — (./Wrr)'=s  — (Jr.  (5.87) 

The  equations  obtained  do  not  enable  us  to  determine  force  T; 
therefore,  wo  shall  sot  up  one  more  equation, -projecting  all  forces 
onto  the  normal  to  the  middle  surface  of  the  plate: 

Qrtlo— ((? -f tiQ)(r -±dr)tl<t  rprilfir  —  T,r tl?  -y— 

+rff,)<r +  </r)rf<p-y -7,  dr  <*?= 0, 

hence 

/>r  — 7'fr0'  — (Qr)'~  ^8  =  0.  (5.88) 
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VJe  drop  Q  from  equations  (5.86)  -  (5*88).  For  this,  we  substitute 
the  expression  Qr  =  F(r)-Trir0  obtained  from  equation  (5.86)  into 
equation  (5.88).  Since 

F'(r)==pr;  ) 

Tf  —  {T,r)\  .  J  (5.89) 

equation  (5.87)  assumes  the  form 

(5.90) 

We  have  obtained  two  equations  (5.89)  and  (5.90)  of  equilibrium 
for  the  forces  acting  on  the  element  and  there  are  five  unknown 
quantities:  Mr,  M<p,  T^,  T^,  0.  To  find  the  equations  we  lack,  we 
shall  examine  plate  deformation. 

Fig.  5.58.  Deformation  of  an 
element  of  a  flexible  plate. 


Figure  5*58  shows  an  element  of  an  arc  of  the  meridian  before 
and  after  deformation.  Full  displacement  of  any  point  of  the  arc 
of  the  -meridian  can  be  decomposed  into  two  components  -  with  respect 
to  the  direction  of  the  axis  of  symmetry  w  and  with  respect  to  radius 
v.  The  third  component,  due  to  symmetry,  is  zero. 

The  length  of  the  arc  after  deformation  is  A'B"  =  dr(l  +  erT), 
where  erT  is  the  relative  elongation  of  the  middle  surface  with 
respect  to  the  direction  of  the  arc  of  the  meridian. 


6l6 


We  shall  project  the  closed  hexagon  BB"B,A,A"A  onto  the  direction 
of  the  radius  r  and  onto  the  axis  of  symmetry: 

v'Tdr{lJrs,i)dr  cos  0  -  (v  -f  dv) —dr=.  0; 

p 

substituting  cos  0  =  1  -  (0  /2),  we  obtain 


./  i  W 


-rt—v  T" 


(5-91) 


The  projection  of  the  hexagon  onto  the  axis  of  symmetry  gives 


(5.92) 


Calculation  of  relative  elongation  in  a  circular  direction  leads 
to  the  results 


t,^v/r 


(5.93) 


*r,-lV)'=  «*/2- 


(5.9*0 


We  find  here  relative  elongations  er2  and  e  at  points  on  ehc  plr.t. 
which  are  distance  z  from  the  middle  surface,  as  a  reru_t  .f  a 
deformation  x’elative  to  the  neutral  plane.  Earlier  (Section  2.1) 
these  deformations  were  determined.  They  are: 


sr2  =  a8';  ^  = 


Hence  total  relative  deformations  are 


-  i  _i_  20':  £.  =  SaT-T-. 

~r — ~r  ;  :  *  r  r T  1 


(5.95) 


and,  thus,  total  stresses  are 
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£ 

'>r  1  — 

L(s„T  !ls=i)  +  i  (6'+:‘7') 

Y  1 

-  E 

(*,.+!“),>+*  (■f+l*'). 

I 

1. 

^  1-.U2 

\ 

(5-96) 


If  we  express,  as  before,  forces  Tr  and  T.^  and  moments  Mr'  ’and 
in  terms  of  stresses  or  and  a^,,  th£n  '  ' 

■  i  i 


hence 


Then, 


-h,  2  *  :  • 

'  f-’= 


Eh  ' : 


(5.97) 


!  < 


-A  2  ! 

h  2  * 


where  D  = 


(5-98) 


12(1  -.u2)  • 

.  I 

t  .  I 

*  • 

Assuming  thickness  h  Is  constant,  we  replace  in  expression  '(5.9^) 
er  and  by  dependences  (5.97).  Then  , 


Tr-tr.  ~{Tr.r)'  -!  M7 »'  =  Eh 
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I 


I  I 


Lee  us  substitute  here  from  equation,  (5- 89') : 


f,-^f,r)'-[(f',r)r}‘  +v-(Trr)' 


hence 


:-r(f,rr-(r,n)'+¥-=EJ,¥- 


r. 


(5.99) 


We  return  to  equation  (5.90)  and  drop  from  ’it  and  M^,  taken 
ifrom  formulas  (5.98).  Then 

i  i 

o[r  (evf^-j)]’  ~P  (-7- + ') = ^ fr>  — ^ r0 


i 

,  t 


1  7 


and  after  transformation1 


rV- 1-0' 


^  F(r)  T'r  9 


D  '  D 


(5.100) 


Thus,  we  finally  obtain  two  equations  (5-99)  and  (5. 100)  witu 

t  _  1  .  > 

two  unknowns  T  and  0.  These  equations  are  nonlinear  since  ehe 

first  equatlon>  Includes  the  square  of  an  unknown  function  6  ind  tne 

1 

second  equation  includes  the  derivative  of  unknown  T0. 


.Pig.  5-59.  binding  force  P. 
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Function  F(r)  can  be  found  from  the  condition  of  equilibrium 
for  the  central  part  of  the  shell.  Thus,  for  example  (Fig.  5.59), 
when  it  is  loaded  by  hydrostatic  pressure  p,  under  the  condition  of 
equilibrium  for  the  central  part,  it  follows  that: 

-  §2nr  -  ?rh'2xr  -f  p: tr* = 0; 

♦ 

r<f,0+Q)  =  F(r)=£?-. 

V/hen  the  plate  is  loaded  by  concentrated  load  P,  we  obtain 


where  T  =  Trr. 


(5.102) 


Equations  (5.102)  are  equations  of  a  plate  in  large  displacements 
They  are  nonlinear.  The  first  of  them  includes  the  square  of 
function  9  and  the  second  the  derivative  of  functions  T  and  0. 


Bends  and  stresses  in  a  flexible  plate 


One  of  the  widely  known  methods  of  finding  the  deflection  of  a 
flexible  plate  is  the  following.  It  is  assumed  that  the  surface 


A 

t 


> 


! 

I 


n 


j 

J' 


of  the  plate  during  large  bends  is  similar  to  the  surface  of  a 
rigid  plate1,  the  character  of  the  bends  is  the  same  but  the  dependence 
on  external  pressure  p  is  more  complex  than  for  rigid  plates  whereas 
the  bend  is  proportional  to  the  pressure.  Such  a  method  provides 
satisfactory  accuracy  if  w/h  < 

4  _ 

Let  us  find  the  bend  of  a  plate,  assuming  it  is  rigid.  Then 
T  =  0  and  the  first  equation  of  the  system  (5.102)  is  dropped  while 
the  second  assumes  the  form 


pr 
2D  ' 


We  integrate  this  equation  twice.  Two  integration  constants  are 
sought  from  conditions*,  when  r  =  0  6  /  »j  when  r  «  b  0  »  0 ;  i .  e.  , 
we  shall  examine  the  case  when  the  edges  of  the  plate  have  a  rigid 
attachment.  We  obtain 


9=^<r3-4V>=— P 

16D  iftr%  ' 


1 6D 


where  r  =  r/b. 

This  value  for  the  angle  G  of  the  tangent  and  the  ela..tjc  ..u:;V  <-• 
of  the  plate  can  also  be  obtained  directly  from  formulas  (2.61). 

We  assume  here  for  a  flexible  plate 


0  =  C(r3—r); 


(■■).!  OS) 


the  quantity  C  does  not  depend  upon  r  and  is  an  unknown  i  unction 
pressure  p.  Substituting  expression  (5-103)  into  the  first  r  qua  tiers 
of  the  system  (5.102),  we  obtain 


f>21 


We  integrate  this  equation  twice.  The  value  of  two  arbitrary 
integration  constants  is  obtained  from  the  boundary  conditions 
corresponding  to  a  rigid  attachment  of  the  membrane  along  the  outer 
contour ; 

when  r  =  0  T  =  0;  when  r  =  b  0  =  0,  v  =  0,  =  0. 

Then,  substituting  the  result  into  the  second  equation  of  system 
(5.102),  we  obtain  C  =  4w0/b,  where  wQ  is  the  bend  of  the  plate  in 
the  center  and  the  final  dependence  of  the  bend  of  the  plate  on  its 
parameters : 


pi *  16  ZlTj  \  .  2  23  —  9;j.  /' i'o  \a 

£ftT~3(l— h  )'  21  1— \A/’ 

or  when  u  =  0. 3 


(5.104) 
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Dependence  (5-104)  is  plotted  in  Fig.  5.60a.  Presented  also 
are  the  result  of  the  analysis  of  a  plate  which  can  be  displaced  in 
a  radial  direction  (without  turn)  and  the  result  of  analysis  according 
to  formulas  for  a  rigid  plate. 

Thus,  maximum  bend  of  the  membrane  and  pressure  p  are  connected 
by  a  cubic  dependence.  With  small  bends  the  term  containing  the 
third  power  of  ratio  wQ/h  can  be  disregarded;  dependence  f 5 - 104 ) 
converts  to  the  earlier  presented  dependences  for  a  rigid  plate. 

The  curves  in  Fig.  5.60a  show  that  with  a  growth  in  bend  the 
rigidity  of  a  flexible  plate  increases.  With  bends  cf  w/h  >  1  the 
plate  should  be  assumed  flexible. 

However,  this  method  of  analyzing  deflections  cf  a  flexible  pla*.j 
is  not  universal.  It  has  good  agreeme;  ■  with  precise  calculation 
and  practice  when  w/h  _<  4 . 

The  method  requires  refinement  if  the  deflections  exceed  this 
value.  Actually,  when  examining  the  elastic  surface  of  a  elate, 
as  deflections  increase  we  can  note  a  displacement  of  the  tending 
point  toward  the  contour  and  at  the  limit  its  agreement  with  tut 
attachment,  which  contradict:-,  the  Dasic  assumption  conceiving  th> 
similarity  of  large  bends  to  benoa  of  a  rigid  plate. 


We  can  prescribe  the  shape  of  the  elastic  surface 


[433 


in  the 


f..r  . 


0  =  C(ri~r). 


(5  .105) 


This  expression  differs  from  expression  (5*103)  by  the  fact  that 
here,  instead  of  the  exponent  3,  there  is  introduced  an  undetermined 
index  z  which  can  be  determined  each  time  as  a  function  oi  the 
specific  relationship  between  load  and  plate  thickness,  •''irittir.g 
the  transformations,  we  obtain 


pH 
Eh 4 


(5.3 oc ' 
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Here  Ax  =  (2)/(3z)(z  +  l)(z  +  3); 


_n'  +  1  f  1  ,  2*»  +  39*»+  167* +  174  1 

3  z  +  3  [l-|»‘r6(2*.{-])<*  +  2)(*  +  5)J‘ 

In  order  to  solve  equation  (5-106),  we  should  determine  the 
quantity  w^/h  from  expression 


I  h)  l-i*’ 


(5-108) 


here  B  depends  upon  z; 


(,-2_9)^+lH»  +  3)  .r  . 

~~~  • 

ll-l 


.  i«,-6  J-  gpfi.-s  X  21774  ^  7<?P9:3  +  12726r  -f  401 1 

“  2(s+Wz+2)-(:  +  ofi 


(5-109) 


Thus,  the  problem  of  finding  large  bends  of  a  plate  reduces  to  the 

following.  If  we  prescribe  parameters  z,  we  find  quantity  B 

according  to  formula  (5-109),  and  then  ratio  wQ/h  from  expression 

(5-108).  Then  with  known  z  and  w-./h  from  formula  (5-106)  we  determine 
hi)  u 

rigidity  pb  /Eh  or  pressure  p. 

Calculation  can  be  shortened  if  we  use  Table  5-5  and  the  graph 
in  Pig.  5.60b  for  p  =  0.3-  The  table  has  been  compiled  for  a  plate 
having  a  rigid  attachment.  The  graph  presents  results  for  rigid  A 
and  free  E  attachments. 

Experience  indicates  that  the  calculated  characteristic  thus 
obtained  gives  a  better  agreement  with  experiment  during  bends  on 
the  order  of  15-20  thicknesses. 


Stress  in  a  flexible  plate 


Maximum  stresses  arise  on  the  pinched  contour: 


(5.110) 


Table  5.5. 


z 

'U'o,  ti 

pb*/Eh4 

z 

tt’o'A 

pbUEh* 

4 

1,029 

8,569 

.  19 

5,953 

749,9 

5 

1,488 

19,91 

21 

6,554 

989,3 

7 

2,224 

50,88 

23 

7,151 

1273 

9 

2,3&4 

99,56 

25 

7,748 

1607 

h 

3,514 

159,8 

27 

8,345 

1995 

13 

4,134 

265,4 

29 

8,942 

2442 

!5 

4,759 

395,8 

31 

9,534 

2944 

.  17 

5,351 

552,5 

33 

10,13 

3518 

A  plus  or  minus  sign  is  taken  depending  upon  the  fact  that  for 
each  surface  of  the  plate  stress  is  determined. 

With  a  rigid  attachment  of  the  plate  on  its  contour 
s9==-r(3T  —  Fr)-  0.  hence  3f  =  tl3r. 

tL 

We  find  a  =  from  formula  [^3]: 

j?  in  ci  x  j. 


r  max 


E/fl 

/.2 


*+_L  (Wp  \ 

l  h  ) 


1 


1 


Ll  +  fi  '  2(*  +  3) 


Of)]- 


l  : 


.Hi ) 


The  order  of  stress  analysis  is  as  follows:  based  on  given 

ii  ii 

pressure  p  we  calculate  quantity  pb  /Eh  ,  then  w?  find  from  latie 
z  and  wQ/h  and,  finally,  according  to  formula  (5.111)  we  find  th.> 
stress . 
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Absolutely  flexible  membrane 


If  a  flexible  plate  has  negligible  rigidity  during  bend,  it:  is 
called  a  membrane.  In  practice,  these  are  flexible  plates  which 
have  Wq/ h  >_  10.  Let  us  examine  a  membrane  having  a  rigid  attachment1 
along  the  internal  opening  and  loaded  with  pressure  p  (Fig.  5*61). 

A  differential  steady-sta<e  equation  for  the  membrane  is  obtained 
from  system  (5.102),  assuming  D  =  0: 

Eh!L{  f8=£d. 

2  ,  2  (5:.112)  , 

The  angle  of  deflection  for  a  section  of  the  tightened  membrane, 
with  sufficient  accuracy,  can  be  expressed  as  : 

0  =Gf.  (5'.  113) 

i 

We  substitute  this  value  into  the  first  equation  of  system  (5.112) 
and  integrate  it  twice. 

The  integration  constants  are  found  from  the  conditions:  when 

« 

r  =  a  e  =0;  when  r  =  b  e  =  0;  we  obtain 
r  r  ' 

i 

Substituting  the  obtained  result  into  the  second  equation  of  system 
(5.112),  we  obtain 


2te'o 

Mi-?1  ’ 


—  a 

where  &  —  ~T~  * 
o 


and  the  dependence  between  load  and  bend  in  the  center  of  the  membranes 
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I 


I 


*  i 


. 


'  _  4  /WO  \3 

£/<»  "M  A  / 


(5 


nere 


u=m^->Jtri <>  -f‘>+rf;0 +«*>o  -3:)- 


+2i=e^i-s«)]. 


(5 


2  ,  3-u 


If  a  =  iO,  then  when  y  =  0.3  =  and 


pb * 


Eh* 


=  3,19 


(Z'o_  i3.  ...  __ 

l a)  ’  ‘  °“ 


0,6861/ 

Eh 


This  result  scarely  differs  from  the  precise  result 


(ffi 


The  dependence  of  memhrand  bend  on  effective  pressure  is 
in  Fig.  5.62.  1 


Stress  in  the  membrane  is: 


"  1  C  16  \  si 


c,  =  - 


cl(-r 

2  16  \  ’  *  '  /  / 


2av, 


a=i  — 
A  A 
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.  11*1 ) 


I 

T 


.115) 


.116) 


shown 


Pig.  5-61.  Plate  with  opening. 


Pig.  5*62.  Rigidity  of  flexible 
plate  with  opening. 


Bellows  analysis 

The  bellows,  or  fluted  adapter,  is  a  cylindrical  body  with  wave¬ 
shaped  folds  applied  along  the  circumference.  The  shapes  of  the 
folds  or  corrugation,  in  axial  cross  section  and  with  various 
designs  of  bellows  are  shown  in  Pig.  5.63.  The  most  widespread  shape 
of  corrugation,  which  has  the  least  rigidity,  is  shown  in  Pig.  5.63a. 
Bellows  with  such  corrugation  are  called  packed  bellows.  Techno¬ 
logically  simpler  forms  are  encountered  (Fig.  5.63b,  c).  If  in 
the  internal  cavities  of  the  bellows  there  is  a  liquid  or  gas 
under  high  pressure,  the  corrugation  is  fastened  by  rigid  rings 
(Fig.  5.63d). 

The  main  advantage  of  the  bellows  lies  in  its  ability,  under 
the  effect  of  a  small  end  thrust,  to  give  noticeable  elastic 
elongation  or  compression  depending  upon  the  direction  of  the 
effective  forces.  This  has  brought  about  the  widespread  use  of 
bellows  in  the  most  varied  elements  of  motor  design. 
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$  (d)  S)  ( o ) 


Pig.  5.63.  Bellows  design. 

Most  frequently  they  are  used  as  elastic  couplings  of  piping 
with  angular  and  axial  displacement;  they  are  irreplaceable  as 
temperature  compensators  for  displacements  of  individual  parts  of 
the  piping,  while  preserving  the  complete  seal  of  the  latter. 

Bellows  are  used  for  sealing  movable  couplings  in  taps,  valves,  ;*nd 
various  distributors,  and  they  also  servo  as  the  elastic  limiters 
of  various  media  in  the  compensator,  frequently  with  large  variations 
In  the  volumes  of  these  media.  The  walls  o.f  the  bellows  can  be  botn 
single-layer  and  multi-layer,  simple  or  armored  depending  u  on  ; >. ' 
requirements  for  system  sealing  or  upon  the  fluid  pressure  1  tne 
-*  pipes  or  vessel. 

Let  us  discuss  some  of  the  general  properties  of  bellows. 

Obviously  the  movement  of  the  limiting  plane  of  the  bellows  under 
'  the  effect  of  axial  loading,  with  other  conditions  remaining  constant, 

is  directly  proportional  to  the  number  of  corrugations  on  it-'  surf'*.*' 
and  inversely  proportional  to  the  cube  of  the  wall  thickne  s  n. 


t 
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Movement  of  the  bellows  also  depends  on  the  ratio  of  its 
diameters.  In  the  first  approximation,  this  dependence  can  be 
assumed  equal  to  the  square  of  the  ratios  of  the  diameters: 


>•2 


To  calculate  strains  and  stresses  in  the  walls  of  the  bellows, 
it  is  considered  a  system  of  circular  plates  bound  on  the  external 
and  the  internal  contours  by  cylindrical  inserts  (Fig.  5.63e). 


M 


>0  (b) 

a)  U) 

Fig.  5.61).  Determining  the  rigidity  of  a  flexible  element. 

For  the  internal  diameter  of  the  plates  we  should  take  the  internal 
diameter  of  the  bellows  2a  and  for  the  external  we  should  take  the 
external  diameter  of  the  bellows  2b.  Plate  thickness  h  is  assumed 
constant.  We  further  assume  that  all  plates  operate  under  identical 
conditions.  The  angle  of  turn  for  the  plates  on  the  external  and 
internal  contours  is  zero.  Bends  of  p]ates  are  considered  small  - 
tN'  bend  of  any  plate  does  not  exceed  its  thickness  h.  This  is 
the  first  approach  to  a  more  accurate  solution. 


Thus,  we  seek  the  stresses  and  strains  of  a  circular  plate  with 
pinched  contours  under  loading  by  axial  force  P  (Fig.  5.64a).  Using 
the  steady-state  equation  for  the  forces  of  elasticity  of  a  rigid 
plate,  we  derive  a  formula  for  calculating  a  circular  plate  [43]: 


Pa?  p  — 1  k? 
4.7/31  4  k?  —  1 


ln2£ 


1 


where  w„  is  the  bend  of  the  plate  on  radius  a;  k  =  b/a. 

a 


(5.H7) 
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Elongation  of  the  bellows  will  be  greater  by  a  factor  of  2n  th&r 
from  formula  (5.117) 


2 nD  [4  k- —  5  J 


(5.118) 


where  n  is  the  number  of  complete  waves  of  the  corrugation;  the 
number  of  plates  is  2n. 

The  greatest  bending  moment  occurs  in  the  plate  near  the  interna 
contour : 


fa 


A>2-  1 


(5.119) 


If  we  eliminate  from  equation  (5.119)  force  P,  we  can  establish 
the  function  of  bending  moment  as  a  function  of  the  axial  displace¬ 
ment  of  the  conduits: 


m  _ 

ra  2/1  12(1-^2)02 


4(2ft2lnfr-ft2-f'l) 
(£2  -  1)5  —  4*2  ln2  k 


bending  stress  is 

Mr „  AZ  Eh  2A-2  In  A  —  (k-  —  1) 

"ra—  A2  n  ( 1  — 1/2)02  (A’2  —  1)2  —  j a>? | n2 ft  '  (5.1^0) 


or 


Eh 

(1-1*2)02 


a* 


whore  is  the  last  fraction  in  tne  equation  (5.120). 


b31 
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bending'  stress  is  _ 

*  t 

i 

* 

) 

! 

a 

! 

A*,,  Eh 

0,5(*2  —  1)  , 

*  J 

I 

I 

1 

^  n  nr&)* 

1 

(h'-  +  1>  In  Jfe  —  *2  +  1 

; 

(5-124) 

I 

i  1 

1 

or 

i 

s- 

1  '  u  , 

i 

i  ,  » 

1  m  n  ( 1 

-P)a 

where  k'2a  is  the  Iasi?  fraction  in  equation;  ( 5 •  124 ) . 


,  Similarly  to  stresses  near  £he!outer  contour  b  i 


i<t>„  ,  Eh 


0.5  {*2-4) 


or 


"rb — 

»  t 


(5.125) 


The 


1  i  *  f  |  i  » 

i 

’  ‘  1  .  ,  fc 

values  of.  k1aJ  klb,  k2a,  k2b  are  presented  in  'fable  5. '6. 


Table  5.6. 


1 

k 

.  ,io 

1,15 

1,20 

.  1.25, 

1,30 

1 

1,35, 

i 

1,40  ’ 

b,  ,  ; 

155 

70,0 

.39,9  ’ 

25,9 

18,3 

13,8 

10,57' 

'■A  ' 

145  . 

69,7 

35.4 

22,3 

15,33 

11,16 

8,45 

|65 

76,7>  , 

45,2 

30,2 

21,9 

!  16,8 

13,3 

*2  b 

150 

66,6 

37,7 

‘  24,1.  _ 

16,8 

12^4 

9,50 

If,  in  addition  to  displacement  compensations,  the  bellows  is 
loacjed  by  pressure  and  the  unloading  pressures  pf  the  ring  have  not 
been  established,  it  is  necessary  to  check  the  stresses  according 
t.o  the  formula  for  circular  stresses  arising  in’ a  cylindrical  shell, 
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Pig.  5.65.  Stress  analysis 
of  a  bellows. 


Experience  shows  that  -failure  of  the  bellows  under  the  action  of 
internal  force  precedes  the  complete  disappearance  of  the  internal 
curvatures  of  the  corrugation  and  the  unfolding  of  the  external  ones 
(Pig.  5.65). 

Circular  stresses  in  the  shell  are  a<p  =  ph/b.  Evaluation  of  the 
coefficient  of  the  safety'  «  the  bellows  in  a  circular  direction 
is  performed  as  above  for  cya-xndrical  shells. 


m. 


APPENDIX 

STRENGTH  CHARACTERISTICS  OF  MATERIALS 
USED  IN  EXTRATERRESTRIAL  ENGINES1 

Uranium 

Uranium  is  a  light  soft  metal  with  high  density  (p  ~  18.9  g/cirr); 
it  is  easily  oxidized  in  air;  however,  a  brown  oxide  film  of  uranium 
shields  metal  from  further  corrosion  at  room  temperature.  It  melts 
at  1133°C.  The  coefficient  of  linear  expansion  a  =  15.2? *10“^; 
16.2-10-6;  20.5’ 10-6  1/°C  at  temperatures 25-125;  125-325;  325-650°C 
respectively.  The  heat  conductivity  of  uranium  can  be  calculated 
using  the  formula  X  ~  2il.,»  +  0.?3t  W/m°C.  The  average  indices  of 
elastic  properties  at  room  temperature  are:  the  modulus  o  ''  elasti-. i  ty 

p 

E  =  2.0*10  daN/cin  ,  the  Poisson  coefficient  p  =  0.2,  yield  strength 

2  2 
cn  0  =  20  daN/mm  ,  ultimate  stress  o  =  60  daN/mm  .  Short-term 

v  •  C  u 

strength  of  uranium  at  high  temperatures  is  given  in  Table  A-l. 

The  spread  in  the  strength  values  is  caused  by  the  various  uranium 
processing  techniques  used. 

The  variation  in  the  modulus  of  elasticity  and  the  Poisson 
coefficient  as  a  function  of  temperature  is  shown  in  Fig.  A.l, 


lV.  S.  Chirkin.  Thermophysical  properties  of  materials  in  nuclear 
technology.  Handbook,  Atomizdat,  1968.  High-melting  materia  s  ir 
machine  building.  Handbook,  M. ,  "Mashinostroyeniye,"  196?.  High- 
melting  metal  materials  for  space  technology,  coll.,  izd-vo  "Mir," 
1966. 
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Table  A.l.  Mechanical  properties  of  uranium. 


Te.\:nepaTypa,°C 

(i) 

npe.ie.i  npoMHOCTii 
(2)  danf mm- 

Ilpe.ie.i  TeKynecTii 
| ,  danl  mm 2 

1(3) 

OTHocitTeflbHoe 

(4)y,i.uinenne,  % 

20 

43-77 

*-* 

L 

o 

6-13 

300 

18-43 

10-12 

v  33-49  ‘ 

500 

7, 4-7,8 

3,6— 3,9 

57-60 

KEY:  (1)  Temperature,  °C;  (2)  Ultimate  stress  daN/mm2;  (3)  Yield 

p 

strength  daN/mm  ;  (4)  Relative  elongation,  %. 


Pure  uranium  can  be  used  in  low-temperature  reactors.  At  approxi¬ 
mately  660°C  its  density  and  mechanical  qualities  change  sharply. 

At  higher  temperatures  uranium  oxide  and  carbides,  which  have  the 
best  mechanical  qualities,  are  used. 

Some  strength  characteristics  of  these  compounds  are  presented  in 
Table  A. 2. 

E-1D~s.dnH/cM*  (l) 


Pig.  A.l.  Variation  in  the  modulus  of  elasticity  for  uranium. 
KEY:  (1)  daN/cm2. 


Uranium  monocarbide  UC  is  one  of  the  materials  used.  It  has  the 
best  strength  characteristics,  heat  conductivity,  and  a  greater 
uranium  content  than  UOg,  However,  it  is  more  subject  to  oxidation. 
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Table  A.  2.  Characteristics  of  uranium  compounds. 


(1 ) 

o 

Z 

o 

O 

(fci 

>a 

"S' 

•> 

£ 

o 

r* 

(3) 

_U 
-  0 
M 

►>_- 
r*  « 

cc  — 

o| 

II 

("1 

Co,iep- 

>Kaiiiie 

U 

o 

0 

(5> 

M 

at 

<T5 

? 

o 

bj 

u 

o 

(7) 

O 

o 

• 

S4 

<0 

CJ 

0 

U 

c 

*—• 

to 

o 

a 

C 

c 

"♦4 

(6) 

C* 

5? 

ij! 

vST 

a 

d" 

©- 

ers 

cJ 

rvj 

U0? 

10,97 

2880 

88,2 

9,d 

0- 

1,8 

0— 

5,25 

0- 

9 

20- 

10,2 

300 

200 

200 

500 

300- 

1,75 

200- 

1,25 

200- 

12 

900- 

10-13 

600 

2800 

2800 

1000 

600— 

1,65 

900 

UC 

13,63 

2350 

95,2 

13,0 

100— 

25.2— 

20- 

10,5- 

20— 

8.4 

400  1 

22,2 

1500 

11,6 

500 

400— 

22,2- 

1000 

21 

735 

25,2 

uc2 

11,68 

2470 

90,8 

10,6 

- 

200- 

11,7- 

' 

200— 

13,1 

1 

* 

2000 

29,3 

2000 

n 

KEY:  (1)  Compound;  (2)  Density,  g/cm3:  (3)  Melting  point,  CC: 

00  Content  U;  (5)  dal.'/ cm2;  (6)  daN/mmZ;  (7)  W/m°C. 

Uranium  dicarbide  UC?  has  medium  properties  between  UC^  and  UC. 

The  heat  conductivity  characteristics,  modulus  of  elasticity, 
ultimate  stress,  and  rupture  strength  of  UC?  are  shown  in  lU.j.  A. 2, 
a,  b,  and  c. 

Graphite 

Graphite  has  low  density  (p  =  1. 5-1.9  g/cnO),  high  heat  conductivity 
(X  =  16.8-33.6  V./m°Cl,  near  that  of  metals,  and  high  reoUiclvit\ 
to  thermal  loads. 
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Pig.  A. 2.  Strength  characteristics  of  UC2< 

KEY:  (1)  W/m’deg;  (2)  daN/cm^;  (3)  daN/mm^;  (4)  hour. 

The  main  characteristic  of  graphite  is  the  increase  of  its 
strength  with  an  increase  in  temperature  2000~2500°C;  in  this 
temperature  range  it  is  stronger  than  any  other  known  material. 

The  good  mechanical  processability  makes  it  possible  to  manufacture 
parts  of  various  shapes  and  dimensions  from  graphite.  Graphite  is 
distinguished  by  chemical  inertness  to  the  effect  of  many  aggressive 
media,  including  the  vapor  of  liquid  metals. 

However,  there  can  be  a  wide  spread  in  the  properties  of  the  same 
batch  of  graphite.  There  is  substantial  anisotropy  of  properties 
in  directions  parallel  and  perpendicular  to  the  direction  of  compression. 
Its  ultimate  compressive  strength  almost  doubles  the  ultimate  tensile 
strength. 
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Pig.  A. 3-  Strength  characteristics  of  graphite. 

KEY:  (X)  daN/cm2;  (2)  W/nrdeg;  (3)  daN/mm2;  (4)  hour. 


The  characteristic  of  graphite's  elastic  properties  is  nonlinear 
The  modulus  of  elasticity  even  under  normal  conditions  grows  r^**- 
what  with  loading.  In  the  temperature  range  1000-2200°C  this  growtl 
Is  insignificant,  as  a  result  of  which  we  can  tentatively  assume 
E  -  8' 102  daN/mm2 . 

Graphite  has  high  emissivity.  We  can  assume  during  calculations 
that  the  emissivity  factor  is  e  j  0.9*  The  coefficient  of  linear 
expansion  for  mean  temperatures  is  a  -  3-15  x  lu"^  1/';C .  The  coeffl 
ciont  of  heat  conductivity  for  the  same  temperatures  can  be  taken 
on  the  average  as  X  =  50  W/m°C.  Tne  Poisson  coefficient  is  u  -  0.3'! 
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A  shortcoming  of  graphite  is  the  nonpreservation  of  properties 

i  .  1 

during  reheating,  which  is  the  result  of  sintering  an'd  graphitization. 
Some  data  on  graphite  has  been  given  in  Fig.  A. 3.  : 

i 

i 

Berillium  s 

Berillium  is  widely  used  in  retarders  and  reflectors  of  reactors. 

It  is  characterized  by  the  small  absorption  cross  section  of  thermal 
neutrons  and  has  good  strength  qualities  and  corrosion  resistance. 

A  shortcoming  of  berillium  is  its  toxicity  at  the  stage  of 
technological  processing.  ! 

i 

The  basic  strength  characteristics  of  berillium  are  shown  in 
Figures  A.  4a,  b,  and  c.  J 

Stainless  steels 

I  ! 

Stainless  steels  are  widely  used  in  extraterrestrial  engines. 

The  most  widely  used  is  Khl8N9T.  Its  characteristics  for  short-, 
term  and  long-term  strengths  are  shown  in  Fig.  A.5.  The  strain 
diagram  is  illustrated  in  Fig.  A. 6.  * 

i 

Figure  3*7  in  Chapter  III  presents  the  graph  of  a  variation  and 
Figure  3.15  the  graph  of  variation  in  modulus  E  based  on  temperature. 
Curves  of  rupture  strength  and  plasticity  for  this  steel  are  presented 
in  Fig.  A. 7,  a,  b,  and  c. 

i 

Figure  A. 8  shows  the  curves  of  rupture  strength  for 'other  stainless 
steels  having  higher  strength  characteristics. 

Niobium  and  its  alloys  '  : 

Niobium  has  many  positive  properties  which  enable  its  use  in 
extraterrestrial  electric  rocket  eng.nes.  ■  *  ! 
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Pig.  A.  4.  Strength  characteristics  of  berillium. 

KEY:  (1)  W/m'deg;  (2)  daN/cm2;  (3)  1/deg;  (4)  daN/mrn"; 
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Pig.  A. 5.:  Characteristics  .of  Khl8N9T  steel. 
i\EY :  (1)  daN/mm2;  (2)  hour.1 

»  1 
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(1)  ■  (2) 
6'1G~7h/mz ;  [kT/mm*] 


Pig.  A. 6.  Stress  diagram  of  stainless  steel. 

KEY:  (1)  N/m2;  (2)  [kgf/mm2];  (3)  Steel  Khl8N9T. 

It  has  a  small  thermal  neutron  capture  cross  section  (1.1  b/atcn) ; 
high  melting  point,  high  strength  characteristics,  and  plasticity; 
comparatively  low  specific  weight;  high  chemical  stability  with 
respect  to  aggressive  media,  for  example,  lithium. 

Niobium  alloys  have  even  higher  strength  properties.  Small 
additions  of  zirconium,  molybdenum,  tungsten  and  other  elements 
appreciably  Increase  the  rupture-resistance  of  niobium. 

Table  A. 3  presents  some  properties  of  niobium  and  its  alloys. 

The  content  of  the  main  additive  is  indicated  by  the  digit  in  front 
of  **he  formula  of  the  element.  For  example,  IZr  is  a  niobium  alloy 
with  1$  zirconium.  The  effect  of  temperature  on  10-hour  rupture 
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strength  is  shown  in  Pig.  A. 9*  The  digits  on  this  figure  correspono 
to  the  numbers  of  the  alloys  in  Table  3. 


(i) 

d  ocxh/mm 2 


Cdan/MM^D 


Fig.  A. 7.  Curves  of  rupture  strength  f^r  stainless  steel- 
o  -  700°C;  b  -  S00cC;  c  -  900°C. 

KEY:  (1)  daN/mm2;  (2)  hour. 

Figure  A. 10  presents  the  strength  characteristics  for  niobium 
alloy  7,  having  additives  of  tungsten  and  titanium  (28W,  7  ’iM  ) . 
This  alloy  has  different  characteristics  with  respect  to  neat 
resistance.  Figure  A. 11  shews  the  rupture  strength  of  this  allov 
(7)  and  two  other  alloys  (1,  2). 

Some  characteristics  of  niobium  a^e  given  in  TabJe  A.*!. 


Pig.  A. 8.  Rupture-strength  curves  for1  chromium-nickel  alloys: 
1,  3j  *lj  5,  8  -  bar;  2,  6  -  casting;  7  -  sheet. 

:KEY :  (1)  daN/mm2;  (2)  hour-. 


?ig.  k.J.  Strength  curves  of  Pig.  A. '10.  High-temperature  strength 

niobium  alloys.  of  niobium  alloy. 

KEY:  (1)  daN/mm2.  KEY:  (1)  daN/mm2;  (2)  hour. 


Table  A. 3.  Properties  of  niobium  alloys. 
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Table  A. 3.  (Continued) 
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Table  A Jl.  Characteristics  of  niobium 


t  °C  a- 106  1/°C 


Figures  A. 12  arid  A. 13  present  curves  of  short-term  and  long-term 
[rupture]  strength  of.  niobium  alloys,  plotted  as  a  result  of  processing 
many  literature  sources. 

Molybdenum  and  its  alloys 

Table.  A. 5  presents  the  mechanical  properties  of  molybdenum  and 
some  of  its  alloys,  and  Table  A. 6  gives-  data  on  the  modulus  of 
elasticity  and  the  coefficient  of  linear  expansion. 

Figures  A.14  and  A.  15  illustrate  the  curves  of  short-term  arid 
long-term  [rupture]  strength  for  molybdenum  alloys. 


<3j  Ooih/nm*^ 


Fig.  A.  I1!.  Short-term  strength  of  molybdenum  alloys. 
KEY:  (1)  daN/mm'" . 
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Table  A. 5.  Mechanical  properties  of  molybdenum  and  its  alloys. 
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Table  A. 6.  Modulus  of  elasticity  and  coefficient  of  linear 
for  molybdenum. 
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Tungsten  and  its  alloys 


Figure  A.16  shows  the  dependence  of 'Ultimate  stress  in  tungsten 
and  its  alloys  on  temperature.  As  is  apparent  from  the  figure, 
the  alloying  of  tungsten  increases  its  strength  at  comparatively 
low  temperatures.  Table  7  introduces  the-  strength  characteristics 
of  tungsten  and  its  alloys,  and- Table  A. 8  the  modulus  of  elasticity 
arid  coefficient  of  linear  expansion  for  tungsten. 


Fig.  A. 16.  Dependence  of  ultimate  stress  in  tungsten  alloys 
on  temperature,  ~ 

KEY:  (1)  daN/mm  . 


Fig.  A. 17.  Moduli!  of  elasti¬ 
city  for  various  materials. 
'KEY :  (1)  daN/mra2. 
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Figure  A. 17  present:;  the -moduli i  of  elasticity  E  for  various 
materials,  and  Table  A. 9  the  properties  of  several  structural 
materials. 


t  Table  A. 7.  Mechanical  properties  of  tungsten  and  its  alloys. 
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Table  A. 8.  Modulus  of  elasticity  and  coefficients !of  linear 
expansion  for  tungsten. 
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